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LARGE  VARIATIONS  IN  SHOCK  ENERGY  COUPLING  IN  DIFFERENT  SEDIMENTARY  ROCKS 


William  W.  Anderson,  Yusheng  Zhao,  and  Thomas  J.  Ahrens 

Lindhurst  Laboratory  of  Experimental  Geophysics 
Seismological  Laboratory 
California  Institute  of  Technology 
Pasadena,  CA  91125 

Contract  Nc  F49620-92-J-0402 
DNA  Contract  No.  001-92-C-0128 


OBJECTIVE 

The  shock  Hugoniot  and  adiabatic  release  curves  of  sedimentary  rocks 
display  a  range  of  different  behaviors  that  affect  the  decay  of  shock  waves 
propagating  away  form  a  confined  source.  Many  of  the  minerals  making  up 
sandstones,  shales,  and  limestones  undergo  phase  transitions  when  shocked  to 
pressures  of  interest  to  studies  of  coupling  of  energy  from  explosive  sources 
into  far  field  seismic  waves.  Both  sandstones  and  limestones  have  been 
observed  to  exhibit  elastic  precursors  and  multiple  wave  behavior  at  shock 
velocities  up  to  3.7  km/s  and  5.7  km/s,  respectively  [Ahrens  and  Gregson, 
1964].  Hysteresis  in  the  shock-rfelease  paths  of  materials  results  in 
irreversible  energy  deposition,  thus  depriving  the  shock  wave  of  energy 
required  tr  drive  its  propagation  and  resulting  in  a  more  rapid  decay  and  less 
efficient  coupling  to  far  field  waves  than  expected  from  geometrical  effects 
alone.  Thus,  data  constraining  this  behavior  in  rocks  are  essential  for 
determining  the  cavity  volumes  for  various  degrees  of  decoupling  for  different 
lithologies. 

The  behavior  of  nost  sedimentary  rocks  during  adiabatic  release  has  not 
been  experimentally  investigated  to  a  significant  extent.  Our  objective  was 
to  obtain  experimental  data  for  shock  and  release  behaviors  of  c''astic  and 
carbonate  sedimentary  rocks  and  use  those  data  along  with  data  from  other 
sources,  to  develop  a  theoretical  model  of  the  hysteretic  shock-release  paths 
of  these  rocks.  We  use  this  model  to  constrain  the  energy  deposited 
irreversibly  in  these  rocks  by  the  passage  of  shock  and  release  waves.  The 
release  model  we  use  is  a  modification  of  that  used  by  Sekine  et  ai .  [1993, 
submitted]  for  granite. 

RESEARCH  ACCOMPLISHED 

We  have  studied  the  shock  compression  and  adiabatic  release  behavior  of 
Coconino  sandstone  with  an  initial  density  poo  -  2.329Mg/a3,  Solenhofen 
limestone  with  initial  density  poo  “  2.613  Mg/m^,  and  a  calcareous  shale  with 
initial  density  poo  “  2.574  Mg/m^.  The  sandstone  is  essentially  quartz  with 
only  minor  amounts  of  other  constituents  and  the  limestone  is  essentially  pure 
calcite  with  very  minor  amounts  of  other  constituents.  The  shale,  based  on  a 
modified  CIPW  normative  mineral  calculation,  is  composed  of  subequal  amounts 
of  quartz,  clays,  and  calcite. 

The  features  of  the  Coconino  sandstone  Hugoniot  (figure  1)  can  be 
identified  with  those  of  the  quattz  Hugoniot.  At  very  low  pressures,  there  is 
an  elastic  shock  wave  which  precedes  the  plastic  deformation  shock  wave.  The 
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Figure  1.  Hugonioc  curve  and  adiabatic  release  paths  for  Coconino  sandstone. 


limiting  stress  of  th: 3  elastic  wave  is  the  Hugoniot  elastic  limit  (HEL) . 

Above  the  HEL,  the  Hugoniot  may  be  broken  down  into  lov  pressure  phase  (LPP) 
and  high  pressure  phase  (HPP)  stability  regions,  with  an  intervening  mixed 
phase  (HP)  region  where  insufficient  energy  is  provided  by  the  shock  wave  to 
drive  the  formation  of  the  HP?  to  completion.  Based  on  the  data  of  Ahrens  and 
Cregson  [196A],  the  HEL  of  sandstones  seems  very  strongly  dependent  on  the 
initial  density  of  the  rock.  The  elastic  wave  velocity,  which  has  no 
systematic  dependence  on  strain  rate  at  a  given  initial  density,  varies  from 
2,8±.2km/s  for  Poo  -1.961Mg/m3  to  3.6±.lkm/s  for  poo  -2.141Mg/m3. 

Above  the  HEL,  the  sandstone  LPP  and  HPP  can  be  identified  with  quartz 
and  stishovite.  The  sandstone  Hugoniot  is  well  modelled  using  the  equation  of 
state  (EOS)  parameters  of  quartz  for  the  LPP  region  and  stishovite  for  the  HPP 
region.  The  MP  region  is  modelled  by  a  volume  weighted  average  of  the  HPP  and 
LPP  Hugoniot  curves  in  the  P-?  plane: 

Vtfs  -  fVapp  +  (l-f)VLPp  (1) 

where  f  is  the  mass  fraction  of  HP?.  We  assume  that  f  varies  linearly  with 
pressure  from  0  at  the  lower  bound  to  the  MP  region,  where  HPP  formation 
begins,  to  1  at  the  upper  bound  of  the  MP  region,  where  HPP  formation  is 
complete.  Consideration  of  the  present  data  and  data  from  Van  Thiel  [1977] 
suggests  that  HPP  formation  begins  at  a  Rankine -Hugoniot  energy  of  £rh  ® 
0.95±.05  MJ/kg  and  is  complete  at  Erh  «  3.8±.2  MJ/kg,  independent  of  the 
initial  density  of  the  sample.  Err  is  given  by 


Err  ••  HPrCVr-I^Oo) 


(2) 
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Figure  2.  Hugoniot  curve  and  adiabatic  release  paths  for  calcareous  shale. 
The  large  expansions  from  the  low  pressure  phase  region  above  14  GPa  is  adso 
observed  in  pure  carbonates.  The  release  paths  above  -50  GPa  are  not  well 
constrained  by  the  available  data. 


Mumaghan  parameters  /Cgo  -  66  GPa  and  Ks'  -  1.  Interestingly,  the  HPP  release 
paths  do  not  show  as  rapid  expansion  as  the  LPP  release  paths  from  Pg  >  14  GPa. 
Similar  behavior  is  shown  by  the  release  data  of  Vizgirda  and  Ahrens  [1982] 
for  aragonite,  suggesting  that  this  behavior  in  the  shale  can  be  attributed  to 
the  presence  of  calcite,  suggesting  that  evolution  of  CO2  may  be  important  in 
this  region.  The  MP  release  paths  are  well  modelled  by  a. mixture  of  the  HPP 
and  LPP  release  paths  according  to  equation  (1),  with  £  frozen  at  the  Hugoniot 
value. 

The  limestone  Hugoniot  is  complicated  at  low  pressures  by  an  elastic 
wave  and  several  phase  transitions,  causing  a  multiple  wave  structure  with  as 
many  as  five  separate  shock  fronts  observed  in  some  experiments  [Ahrens  and 
Gregson,  1964].  The  multiple  wave  structure  docs  not  disappear  until  shock 
pressures  above  -20  GPa,  corresponding  to  a  shock  wave  velocity  of  -5.9km/s, 
are  attaine4-.  Abcve  20  GPa  (figure  3),  the  Hugoniot  becomes  much  less 
complicated.  A  single  high  pressure  phase  region  extends  from  31  GPa  to  over 
100  GPa.  Based  on  the  results  of  Vizgirda  and  Ahrens  [1982],  we  model  this 
.phase  with  EOS  parameters  po  -  3.05  Mg/m?,  Kso  ”  85.5  GPa,  Ks'  -  3.75,  70  -  1.43, 
n-0.6,  and  Etr  -O.lMJ/kg,  Between  10  GPa  and  31  GPa,  the  final  shock  state 
is  modelled  as  a  mixture  of  this  high  pressure  phase  and  a  lower  pressure 
phase  that  has  po  -  2.985  Mg/m^,  Kso  “  110  GPa,  Ks'  -  4,  70  -  1.44,  n  -  0.6,  and 
£tj  -  0 .  These  parameters  are  not  a  true  equation  of  state ,  but  provide  a 
convenient  estimate  of  the  Hugoniot  of  the  lower  pressure  phase.  As  with  the 
mixed  phase  regions  of  the  shale  and  sandstone,  we  model  this  mixture  by 
equation  (1)  with  the  fraction  f  of  the  higher  pressure  phase  varying  linearly 
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Figure  3.  Hugoniot  curve  and  adiabatic  release  paths  for  Solenhofen 
limestone.  The  shock  behavior  below  20  GPa  is  very  complicated.  The  release 
paths  are  constrained  by  the  new  data  obtained  in  this  study  and  by  the  data 
of  Vizgirda  and  Ahrens  [1982]. 


with  pressure  between  the  phase  transition  onset  at  10  GPa  and  completion  at 
31  GPa. 

Release  paths  from  the  single  phase  region  of  the  Hugoniot  are 
tentatively  modelled  as  isentropes  with  Murnaghan  equation  parameters  ^Cso  “  66 
GPa  and  K^'  -  2.3,  based  on  our  results  and  those  of  Vizgirda  and  Ahrens 
[1982]  for  aragonite.  For  the  purposes  of  calculating  the  mixed  phase  release 
paths  from  Hugoniot  states  between  14  GPa  and  31  GPa,  we  model  the  lower 
pressure  phase  release  paths  as  isentropes  with  Murnaghan  equation  parameters 
Kso  “  30  GPa  and  Ks'  -  1 . 

CONCLUSIONS  AND  RECOMMENDATIONS 

We  apply  the  results  for  the  hysteretic  shock-release  paths  of  the  rocks 
studied  to  calculate  the  fraction  f  of  the  energy  ^Rfl  that  is  irreversibly 
deposited  in  the  material  for  a  given  shock  pressure  using  the  equation 

f'  »  1  -  (£r.i/Erh)  (5) 

where 

J?Rel  -  X  (6) 

where  the  subscripts  H  and  R  on  F  denote  the  Hugoniot  and  release  volumes, 
respectively.  The  resulting  estimates  for  f  are  presented  in  figure  4.  For 
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Figure  4.  Fraction  f'  of  the  Rankine-Hugoniot  energy  irreversibly  deposited 
in  sandstone,  shale,  and  limestone,  as  a  function  of  shock  pressure.  The  low 
values  for  the  limestone  and  shale  can  apparently  be  attributed  to  the  release 
behavior  of  calcite. 


the  sandstone,  f'  approaches  1  at  low  shock  pressures  because  of  pore 
collapse,  but  rapidly  drops  to  -0,53  at  14GPa,  rising  slowly  thereafter  to 
-0.77  at  100  GPa.  Because  the  release  paths  for  both  the  shale  and  the 
limestone  show  large  expansions,  the  value  of  £r,i  is  close  to  Frh*  As  a 
result,  f'  is  small  for  both  of  these  materials,  falling  below  0,4  for  Pb  >  3 
GPa.  At  shock  pressures  below  -30  GPa,  both  shale  and  limestone  show  regions 
where  f '  =  0,  reflecting  the  large  expansion  of  calcite  on  release  from  the 
low  pressure  region  of  the  Hugoniot.  The  shale  shows  similar  behavior  above 
70  GPa  in  the  calculations ,  but  this  behavior  is  not  well  constrained  by  the 
data  presently  in  hand.  These  results  suggest  that  shock  waves  from  sources 
confined  in  volatile-rich  rocks,  especially  those  rocks  rich  in  carbonates, 
will  decay  more  slowly  (by  a  factor  of  -3)  than  those  in  volatile-poor  rocks 
such  as  sandstones.  As  a  result  coupling  of  explosions  is  expected  to  be  more 
efficient  in- volaaile-rich  rocks. 
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Objective: 

The  prediction  of  source  parameters  from  seismic  waveforms  is  dependent  on  the  separation  of  source 
and  propagation  effects.  Understanding  the  physics  of  propagation  effects  has  ramifications  for  the 
transportability  of  discrimination  techniques,  particularly  those  dependent  on  waveforms.  The  purpose 
of  this  research  is  to  understand  better  the  relation  of  path  structure  to  broad-band  waveforms. 


Research  Accomplished: 

Previous  Work:  Modeling  of  regional  broad-band  (BB)  earthquake  and  explosion  waveforms  for 
source  retrieval  (eg  Zhao  and  Helmberger,  1993)  and  lithospheric  modeling  (eg  Helmberger  et  al, 
1993;  Helmberger  et  al,  1992)  has  grown  extensively  in  the  last  several  years,  as  such  data  have 
become  available  and  synthetic  seismogram  techniques  are  improved.  The  techniques  used  include 
modeling  with  generalized  ray  (Helmberger,  1973)  and  frequency-wavenumber  (FK)  (Bouchon, 
1981)  synthetics.  These  efforts  are  extensions  of  techniques  developed  for  modeling  the  simpler  long 
period  waveforms  of,  first,  teleseismic  events  (eg  Muller,  1969;  Langston  and  Helmberger,  1975),  and 
later,  of  regional  events  (Helmberger  and  Engen,  1980). 

JBB  regional  waveforms  contain  a  large  amount  of  information  and  so  are  quite  difficult  to  model 
Much  of  the  work  on  regional  propagation  has  been  done  in  southern  California.  For  earthquakes, 
source  finiteness  as  well  as  mechanism  are  important,  as  is  scattering  all  along  the  laterally  heteroge¬ 
neous  path.  Nuclear  explosions  at  the  Nevada  Test  Site  (NTS)  have  been  an  invaluable  source  of  data 
for  understanding  regional  propagation  as  they  have  well  known  source  locations  and  origin  times,  and 
simple  source  mechanisms,  permitting  the  isolation  of  propagation  effects.  In  a  study  to  assess  the 
utility  of  regional  BB  Pn  for  discrimination  of  nuclear  explosions,  significant  variation  of  the  Pn/Pg 
amplitude  ratio  south  of  NTS  was  interpreted  as  evidence  of  a  rapid  velocity  increase  or  discontinuity 
within  the  lid  (Burdick  et  al,  1991).  Our  research  tests  and  extends  woric  done  studying  propagation 
from  NTS  to  southern  California. 

Data:  We  have  collated  3-component  seismograms  of  nuclear  explosions  from  the  Nevada  Test  Site 
(NTS)  recorded  at  three  broad-band  stations  in  southern  California,  Landers  (LAC),  operated  by 
Lawrence  Livermore  National  Laboratories),  Pasadena  (PAS),  part  of  the  California  Institute  of  Tech¬ 
nology  Terrascope  network),  and  Piiion  Flat  Observatory  (PFO),  part  of  the  IDA/IRIS  network 
operated  by  the  I^titute  of  Geophysics  and  Planetary  Physics  at  University  of  California,  San  Diego 
(figure  .1).  For  the  nuclear  explosions,  source  parameters  are  well  constrained.  That  and  the  range  of 
distances  available  from  the  source  distribution  enable  us  to  observe  the  development  of  phases  with 
distance.  Furthermore,  as  the  sources  are  all  similar,  we  may  attribute  many  of  the  differences  we  see 
between  different  events  recorded  at  a  single  station  as  being  due  to  structure  along  the  propagation 
path  and  so  generate  an  opportunity  to  test  the  hypothesis  of  a  triplication  due  to  upper  manUe  struc¬ 
ture  (Burdick  et  al,  1991).  We  also  have  recordings  from  three  of  the  explosions  from  a  temporary  28 


station  broad-band  3-component  array,  located  at  PFO  which  enables  us  to  distinguish  the  direction  of 
arrival  and  wave  type  of  various  phases  using  both  array  and  three  component  analysis  techniques. 
This  ability  complements  our  modeling  of  the  broad-band  source  array  records  by  corroborating  our 
interpretations  of  phases 

Results:  The  variation  of  the  Pn/Pg  amplitude  ratio  with  distance  provided  the  primary  impetus  for  the 
hypothesis  of  a  gradient  or  discontinuity  in  the  upper  mantle  (Burdick,  et  al,  1991).  We  first  repro¬ 
duced  the  results  of  Burdick  et  al  with  our  expanded  dataset  That  is,  we  plotted  the  Pn/Pg  ratios 
measured  at  LAC,  PAS,  and  PFO,  as  a  function  of  distance  (figure  2).  On  the  left  side  of  figure  2,  Pn 
amplitude  is  the  rms  value  of  the  first  5  seconds  after  onset  Our  initial  assumption  is  that  the  Pg 
variation  will  be  small  compared  to  Pn,  and  so  can  be  used  to  normalize  the  Pn  amplitudes  for  different 
events  and  distances.  For  Pg  amplitude,  we  use  the  rms  value  of  the  first  20  seconds  after  the  predicted 
PmP  time  relative  to  Pn,  using  the  Helmberger  and  Engen  (1980)  layer  over  a  half  space  model  de¬ 
veloped  for  the  western  US.  We  used  a  passband  of  0.4  to  2  hz.  At  LAC,  we  see  some  trend  to 
increasing  amplitude  ratio  with  distance  and  significantly  lower  amplitude  ratios  than  at  the  more 
distant  PAS  and  PFO  stations.  Contrary  to  the  trend  observed  using  the  initial  fewer  data  of  Burdick 
et  al  (1991),  there  is  no  significant  difference  between  PAS  and  PFO,  or  trend  within  the  data  from 
either  station  individually.  However,  when  we  use  just  the  initial  peak  amplitude  of  Pn  (the  right  side 
of  figure  2),  the  amplitude  ratio  for  every  event  recorded  at  PFO  drops  to  approximately  half  the  value 
at  PAS  (figure  2b).  This  is  due  to  a  difference  in  the  initial  Pn  waveforms  at  the  2  stations.  While  the 
initial  peak  at  PAS  dominates  Pn,  most  of  the  Pn  energy  at  PFO  is  in  a  secondary  phase  arriving  one 
second  after  the  iiutial  peak.  This  is  illustrated  in  record  sections  made  up  of  different  events  at  each 
station  (figure  3).  We  have  plotted  2-sided  envelope  functions  (excluding  some  records  for  clarity)  for 
the  first  15  seconds  of  each  event.  Note  that  the  distance  scales  are  not  equal  The  zero  line  is  at  the 
first  arrival.  The  second  line,  moving  out  with  distance,  is  tjte  predicted  (Helmberger  and  Engen,  1980) 
PmP  arrival  time.  This  figure  illustrates  several  important  differences  between  the  records  at  different 
distances  and  stations.  The  small  initial  peak  at  PFO,  contrasting  with  the  large  one  at  PAS  is  clear. 
This  could  be  interpreted  as  supportive  of  the  triplication  hypothesis,  where  PAS  is  at  the  distance  of 
intersection  of  2  phases,  and  so  has  a  large  initial  peak.  Then,  at  the  slightly  greater  distance  of  PFO, 
the  phases  separate.  Some  lateral  variation  is  indicated  however,  at  least  in  the  depth  of  the  disconti¬ 
nuity  or  gradient,  as  the  relative  amplitude  variation  is  sustained  throughout  the  distances  for  which 
PAS  and  PFO  overlap.  The  crustal  phases  also  vary  significantly  from  station  to  station.  The  PmP 
phase  arrives  precisely  at  the  predicted  time  al  LAC.  At  PAS  however,  it  is  approximately  3  seconds 
early.  At  PFO,  PmP  is  indiscernible.  These  last  2  observations  are  seen  more  clearly  in  figure  4. 
Synthetic  Seismogram  Modeling:  We  are  employing  the  generalized  ray  code  of  Helmberger  (1983) 
and  the  FK  code  of  Saikia  and  Burdick  (1992).  The  advantage  of  generalized  ray  synthetics  is  the 
insight  gained  regarding  the  phases  which  make  up  various  portions  of  a  seismogram.  The  trade-off  is 
that  ray  paths  must  be  specified,  making  complete  solutions  impractical  to  obtain  for  any  but  the 
simplest  structure.  FK  synthetics  on  the  other  hand  include  all  phases,  for  a  complete  solution,  al¬ 
though  with  this  technique  we  cannot  tell  which  path  the  propagating  energy  has  traversed.  In  figure 
4,  synthetic  seismograms  for  the  two  models  of  figure  6  are  plotted  above  the  vertical  P  waveforms  of 
a  single  NTS  explosion  recorded  at  all  three  stations.  We  note  again  the  differences  in  Pn/Pg  ampli¬ 
tudes  between  stations.  Here  we  can  identify  specific  Pg  arrivals  in  the  data  by  comparison  to 
synthetics.  Major  phases  are  noted  above  the  top  trace  (C  Gr  is  the  converted  group  of  PmPPmS, 
PmPSmP,  etc.).  Pasadena  is  the  only  station  where  PmP  is  large  and  distinct,  as  in  the  synthetics.  That 
the  PAS  PmP  arrival  is  earlier  than  the  synthetics  while  the  LAC  PmP  (recall  figure  3  as  well)  matches 
their  timing  indicates  lateral  variations  along  either  the  respective  crustal  or  upper  mantle  paths.  The 
virtual  disappearance  of  PmP  at  PFO  and  its  diminution  at  LAC  argue  for  variation  in  the  crust  be- 
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tween  the  NTS-LAC-PAS  and  the  NTS-PAS  path.  The  variation  in  Pn  waveforms,  further  highlighted 
in  figure  5,  may  indicate  lateral  variation  or  complicated  1-D  structure  in  the  upper  mantle.  Figure  5  is 
arranged  like  figure  4,  but  for  Pn  only.  We  can  clearly  see  a  secondary  phase  at  about  1  second, 
moving  in  with  distance  (indicated  by  the  upward  arrows).  There  is  a  similar  phase  moving  in  with 
distance  in  the  southern  California  model  synthetics  (figure  6),  due  to  reflection  off  the  top  of  the  LVZ 
(indicated  by  the  downward  arrow  at  LAC;  it  merges  with  the  initial  peak  at  PAS  and  PFO).  Further¬ 
more,  in  the  data  there  are  3  similar  phases  after  the  initial  Pn  peak  at  LAC,  one  at  PAS,  and  2  at  PFO. 
These  will  be  critical  phases  to  understand, and  will  be  the  target  of  further  study. 

Figure  6  shows  the  models  used  to  produce  the  synthetics  of  figure  5.  At  top  is  the  model  of  Helm- 
berger  and  Engen  1980),  and  below  is  a  composite  southern  California  model.  The  average  crustal 
slowness  and  thickness  matches  Helmberger  and  Engen’s.  The  average  lid  slowness  is  slightly  greater 
than  Helmberger  and  Engen’s,  to  match  the  lower  Pn  velocity  observed  by  Hearn  and  Clayton  (1986) 
for  southern  California.  The  lid  thickness  is  consistent  with  that  found  by  Cara  (1979).  The  velocity  of 
the  low  velocity  zone  is  consistent  with  P  and  S  models  developed  by  Helmberger  (1973)  and  Grand 
and  Helmberger  (1984)  respectively.  The  Moho  and  lid  gradients  were  arrived  at  by  forward  modeling 
to  approximate  Pn  and  Pg  relative  amplitudes. 


Conclusions  and  Recommendations: 

The  observed  variation  of  both  Pn/Pg  ratios  with  distance  and  Pn  waveforms  is  suggestive  of  lateral 
variations  in  the  crust  and  upper  mantle  structure  of  southern  California.  The  importance  of  under¬ 
standing  the  secondary  Pn  phases  to  enable  the  distinction  of  depth  phases  points  to  the  direction 
future  work  should  take.  Specifically,  more  detailed  modeling  of  the  Pn  waveform  should  be  per¬ 
formed  to  distinguish  triplication  phases,  LVZ  reflected  phases,  or  other  path  effects,  from  depth 
phases.  This  should  be  complemented  by  array  and  3-component  analyses,  both  to  distinguish  the 
previously  mentioned  phases,  as  well  as  to  separate  out  multipathing  and  near  receiver  scattering 
effects. 
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Figure  2:  Pn/Pg  amplitude  ratios  plotted  as  a  function  of  distance  for  LAC  (asterisks), 
PAS  (x's),  and  PFO  (circles),  using  Pn  rms  amplitude  Oeft)  and  Pn  peak 
amplitude  (right).  ' 


11 


Distance  (km) 

Rgure  3:  Envelope  record  sections  for  NTS  events  recorded  at  LAC,  PAS,  and 
PFO.  Note  that  distance  scales  vary. 
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Figure  4:  Synthetic  and  observed  vertical  P  waveforms  at  LAC  (top),  PAS 
(middle),  and  PFO  (bottom)  for  the  April  4, 1991  NTS  event  (BEXAR).  The 
top  trace  in  each  set  of  three  is  a  synthetic  for  the  Helmberger  and  Engen 
Model  (1980),  the  middle  trace  is  a  synthetic  for  the  composite  southern 
Califorrua  model,  and  the  lower  trace  is  data.  Numbers  to  the  left  are  NTS 
to  station  distances.  The  major  P  phases  are  indicated  above  the  upper¬ 
most  synthetic  seismogram  using  the  terminology  of  Saikia  and  Burdick  (1991). 
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Figure  5  (above):  Synthetic  and 
observed  Pnl  waveforms  at  LAC 
(top),  PAS  (middle),  and  PFO 
(bottom)  for  the  April  4, 1991 
NTS  event  (BEXAR).Nmnbers  to 
left  are  NTS  to  stationdistances. 


Figure  6:  Models  used  in  con 
structing  synthetic  seismo¬ 
grams  of  figures  4  and  5. 


XNICE  -  A  System  for  Evaluation  of  the  Identification 
Capabilities  of  Regional  and  Global  Networks 

T.  G.  Barker,  /.  L.  Stevens,  and  K.L  McLaughlin 
Contract  Pending 

S-CUBED,  A  Division  of  Maxwell  Laboratories 

1.  OBJECTIVE 

The  ability  to  identify  underground  nuclear  explosions  in  a  non-proliferation 
environment  is  critically  dependent  on  the  capability  of  the  network  of  seismic  stations 
to  detect  a  sufficient  number  and  quality  of  seismic  signals  from  suspicious  events.  In 
this  paper,  we  describe  a  system  to  evaluate  the  capability  of  networks  to  identify 
events.  This  system  will  be  derived  from  the  NICE  program,  which  was  developed 
under  DARPA  support  and  installed  at  the  Center  for  Seismic  Studies.  NICE  (Network 
Identification  Capability  Evaluation)  is  a  set  of  computer  programs  which  evaluate  the 
ability  of  either  existing  or  potential  networks  of  seismic  stations  to  identify  events  as 
nuclear  explosions  or  earthquakes.  NICE  makes  this  assessment  based  on  analysis  of 
teleseismic  body  waves  and  surface  waves  using  identification  criteria  established  by 
AFTAC. 

The  objective  of  the  project  is  to  enhance  and  expand  the  capabilities  of  the  NICE 
programs,  to  evaluate  the  system  using  data  and  NMRD  software  at  the  Center  for 
Seismic  Studies  and  to  use  the  system  to  evaluate  the  capabilities  of  existing  and 
hypothetical  networks  to  monitor  areas  where  there  is  real  concern  about  the  possibility 
of  clandestine  underground  nuclear  testing  programs.  NICE  will  be  enhanced  (to 
XNICE)  by  adding  a  modem  Graphical  User  Interface  (X/Motif)  and  linking  with  the 
Center  3.0  Oracle  database;  capabilities  will  be  expanded  by  adding  the  capability  to 
evaluate  networks  that  include  arrays  and  use  regional  seismic  signals;  the  system  will 
be  evaluated  by  linking  directly  with  the  IMS  to  use  the  capabilities  of  the  IMS  together 
with  the  ability  of  NICE  to  generate  a  realistic  arrival  stream,  and  by  using  the  GSETT 
data  to  evaluate  the  capabilities  and  limitations  of  a  worldwide  network  of  stations. 
Finally,  XNICE  will  be  applied  to  determine  network  capability  and  optimal  network 
configuration  in  four  specific  areas:  the  Middle  East  (Pakistan,  Iran,  Iraq),  South 
America  (Brazil,  Argentina),  North-Central  Africa  (Algeria,  Libya),  and  Korea. 

2.  RFSFARCHLACCOMPLISHED 

The  original  version  of  NICE  was  completed  under  an  earlier  DARPA  contract, 
while  the  contract  to  write  the  enhanced  version,  XNICE,  is  pending.  In  the  following, 
we  describe  the  current  version  of  the  program  and  discuss  an  initial  analysis  of  the 
capabilities  of  the  ISC  and  GSETT  networks  using  the  program.  Finally,  we  discuss  our 
plans  for  applying  XNICE  to  selected  geographic  regions. 
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2.1  NICE  —  Network  Identification  Capability  Evaluation 

The  NICE  program  (Barker,  et  ai,  1986)  was  developed  by  S-CUBED  under 
DARPA  support  and  installed  at  CSS  in  1986.  TTie  version  of  NICE  installed  at  CSS  is 
designed  to  model  the  process  used  by  AFTAC  to  identify  events  recorded  at 
teleseismic  distances.  It  uses  a  Monte  Carlo  approach  in  which  a  sequence  of  events  are 
generated,  propagated  to  the  stations  in  a  network,  then  analyzed  to  extract  relevant 
parameters  and  given  discrimination  scores.  This  is  accomplished  by  four  modules, 
which  are  shown  in  a  flow  chart  in  Figure  1,  and  which  we  describe  briefly  below.  The 
modular  design  allows  one  to  examine  independently  the  effects  of  the  source  region, 
the  wave  propagation,  the  seismic  network  (both  location  of  stations  and  sensitivity) 
and  discrimination  rules  on  identification  of  events.  The  parameters  of  each  module  can 
be  verified  by  direct  comparison  with  observations. 

NICE 
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Figure  1. 


events  module 

The  events  module  computes  the  source  properties  of  a  sequence  of  events 
which  are  realizations  of  probability  distributions  derived  from  observations  of  the 
source  region.  The  distributions  describe  the  epicenter,  depth,  moment,  orientation  and 
recurrence  interval  of  the  events.  The  program  currently  computes  explosion  and 
earthquake  sources,  but  can  be  easily  extended  to  include  quarry  blasts,  mine 
implosions,  rock  bursts,  and  decoupled  explosions.  The  events  modixle  generates  an 
events  bulletin  appropriate  for  a  particular  geographic  region. 

S5mwav  module 

The  synwav  module  generates  a  synthetic  stream  of  arrivals.  Synwav  reads  the 
events  catalogue  generated  by  the  events  module  along  with  station  locations  and 
detection  parameters  from  a  station  file  and  computes  synthetic  body  wave  (P,  pP  and  S 
phases)  and  fundamental-mode  surface  wave  seismograms  (LR)  for  all  stations  in  the 
network.  The  signals  are  measured  for  amplitude,  period  and  travel  time  after  which  a 
station-specific  noise  estimate  is  added  to  the  measurements.  Signals  which  do  not  meet 
a  specific  signal-to-noise  ratio  are  classified  as  non-detections.  The  parameters  of  wave 
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propagation  can  be  regionalized  and  verified  by  comparison  with  observations-  The 
results  are  sununarized  in  an  arrival  bulletin. 

Modeling  teleseismic  signals  can  be  done  reliably  once  the  propagation 
parameters  are  derived.  Realistic  regional  waveforms  cannot,  in  general,  be  generated 
by  synthetic  methods.  However,  amplitudes,  arrival  times,  and  other  features  of 
regional  phases  can  be  generated  reliably  by  a  combination  of  theoretical  and  empirical 
methods. 

anlyst  module 

The  anlyst  module  reads  the  arrival  bulletin  made  by  the  synwav  module  and 
calculates  network  averaged  magnitudes  (currently  mb  and  Ms)  and  discrimination 
scores.  Anlyst  is  currently  coded  to  compute  the  scores  for  these  discriminants: 
epicentral  location,  depth  by  pP,  depth  by  travel  times  and  ratio  of  mb  to  Ms-  The 
program  uses  rules  similar  to  those  of  AFTAC  for  censoring  bad  data  (rejection  of 
signals  based  on  signal-to-noise  ratios  and  number  of  quadrants  reporting)  and  for 
assigning  discrimination  scores,  which  indicate  the  degree  of  confidence  that  the  event 
can  be  considered  an  earthquake.  Although  anlyst  was  designed  specifically  to  model 
AFTAC  discriminants,  it  is  easily  extended  to  add  additional  discriminants  such  as 
those  discussed  by  Beimett,  et  al.  (1989,1992)  and  can  be  used  as  a  testbed  for  potential 
discriminants.  The  results  of  the  calculations  by  the  anlyst  module  are  written  to  a 
discrimination  bulletin. 

displa  module 

The  displa  module  makes  lists  and  plots  which  show  the  identification 
performance  of  the  net.  A  sophisticated  command  line  processor  allows  the  user  to  view 
not  only  the  overall  performance,  but  also  features  of  the  process  which  contributed  to 
the  performance.  For  example,  one  may  determine  the  identification  rate  as  function  of 
mb-  The  program  can  be  used  to  answer  questions  such  as:  What  discriminants  were 
credited  with  the  identification?  What  range  of  mb.  Mg  or  depth  contained  the  events 
which  were  responsible  for  identification?  What  role  did  the  detection  threshold  play? 
In  addition,  discrimination  bulletins  can  be  compared  with  this  module.  Thus,  the 
results  of  a  Monte  Carlo  simulation  can  be  compared  with  a  bulletin  derived  directly 
from  observations  so  that  the  program  can  be  calibrated  for  a  particular  seismic  area 
and  network. 

2.2  Evaluation  of  the  GSETT  Network 

As  an  illustration  of  the  NICE  software  capabilities  we  have  exercised  the 
existing  software  using  the  GSETT  arrival  database  available  on  CDROM  from  CSS 
(GSETT,  1992).  We  compare  the  detection  and  depth  location  capabilities  of  the  GSETT 
network  with  that  of  a  hypothetical  ISC  network  as  analyzed  by  Ringdal  (1986).  We 
chose  as  an  example,  to  estimate  the  uncertainty  in  teleseismic  depth  determination  as  a 
function  of  mb  and  location  for  a  10  km  deep  earthquake  in  the  region  of  North  Africa 
and  the  Middle  East  (15-40  deg  N.,  10-80  deg  E.).  This  exercise  illustrates  some  of  the 
existing  capabilities  of  the  current  existing  software. 
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In  order  to  predict  teleseismic  P  detections,  we  first  estimated  detection 
thresholds  for  the  GSETT  stations.  We  used  only  those  GSETT  stations  that  reported  20 
or  more  P  arrivals  with  amplitudes  given  in  nm.  The  Kelly  &  Lacoss  (1969)  maximum 
likelihood  estimation  facility  was  used  within  NICE  for  estimating  the  50%  detection 
threshold  and  variance.  Figure  2  shows  plots  of  cumulative  detections  as  a  function  of 
log-amplitude  for  a  subset  of  the  GSETT  network.  The  stations  are  labeled  on  the  plot  in 
order  of  detection  threshold  level.  The  average  detection  threshold  for  the  GSETT 
network  was  20  times  lower  than  thresholds  derived  by  Ringdal  (1986)  for  the  ISC 
network.  This  is  in  some  measure  due  to  the  use  of  arrays  in  the  GSETT  network. 


GSETT  Cumulative  Detections 


log(Amplttude) 


Figure  2.  Normalized  cumulative  number  of  detections  for  14  selected  GSETT  stations. 

Next,  NICE  was  instructed  to  generate  an  ensemble  of  earthquakes  with  depths 
of  10  km,  located  on  a  grid  of  latitudes  and  longitudes  with  mb’s  between  3.83  and  4.83. 
Detection  thresholds  (noise  levels),  and  variances  for  log-amplitude  and  travel-time 
were  input  for  each  station.  NICE  then  generated  P  waveforms  for  each  station-event 
pair,  determined  which  waveforms  would  have  been  detected,  and  measured  each 
waveform.  The  events  were  then  located  and  classified.  The  process  was  repeated  for  an 
ISC  network  of  115  stations  analyzed  by  Ringdal  (1986). 

Figure  3  compares  some  of  the  summary  statistics  of  the  GSETT  and  ISC 
networks.  At  the  Bottom  plots,  the  median  number  of  stations  detecting  and  the  50% 
quantiles  are  plotted  as  a  function  of  magnitude.  In  the  middle  plots,  the  median  formal 
depth  uncertainty  and  50%  quantiles  are  plotted  versus  magnitude.  In  the  upper  plots, 
the  network  mb  bias  due  to  censoring  is  plotted  as  a  function  of  magnitude.  Note  that 
the  detection  threshold  of  the  GSETT  network  is  substantially  better  than  the 
hypothetical  ISC  network. 
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Figure  3.  Comparison  of  GSETT  and  ISC  network  bias,  depth  uncertainty,  and 
detections  as  a  function  of  mb. 

Depth  determination  is  an  important  discriminant.  In  particular,  if  an  event  can 
be  located  at  depth  such  that  the  error  in  depth  precludes  the  event  from  having  a 
location  at  the  surface,  we  can  consider  the  event  an  earthquake.  In  analyzing  the 
capability  oT  each  network,  we  can  use  NICE  to  estimate  the  magnitude  at  which  a 
nominal  earthquake  at  10  km  will  with  some  certainty  be  located  at  10  km  plus  or  minus 
5  km.  This  "identification"  detection  threshold  is  in  the  neighborhood  of  4.1  to  4.3  for 
both  networks,  but  we  see  that  the  GSETT  depth  uncertainties  increase  more  slowly  as 
the  magnitude  is  decreased.  This  is  largely  due  to  the  somewhat  larger  ISC  network 
offsetting  the  lower  GSETT  detection  thresholds. 

Figure  4  shows  the  projected  GSETT  teleseismic  detection  and  location 
capabilities  as  a  function  of  latitude  and  longitude  for  an  mb  =  4.0  earthquake  at  a  depth 
of  10  km.  The  maps  cover  parts  of  Northern  Africa  and  the  Middle  East  (15-40  deg  N., 
10-80  deg  E.).  The  top  map  shows  contours  of  the  number  of  stations  detecting  for  the 
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GSETT  network  and  the  middle  map  shows  contours  of  depth  location  uncertainty  in 
km.  For  comparison,  the  bottom  map  shows  contours  of  stations  detecting  for  the  ISC 
network.  Note  that  the  formal  depth  uncertainty  for  the  GSETT  network  has  significant 
dependence  on  latitude  and  longitude.  To  the  south  and  east  of  the  region  under  study, 
the  network  .vould  not  be  able  to  identify  a  10  km  earthquake  by  depth  location  alone. 
The  GSETT  network  should  be  able  to  identify  an  earthquake  at  deptl.  at  this  magnitude 
level  for  some  of  the  region  of  interest.  Depth  uncertainty  is  greater  than  the  earthquake 
depth  over  the  entire  region  for  the  ISC  network. 

This  analysis  could  have  included  evaluation  of  other  discriminants  such  as 
Ms:mb.  Furthermore,  with  the  inclusion  of  regional  modeling  capabilities,  NICE  will  be 
able  to  evaluate  the  effectiveness  of  regional  3-component  stations  and  arrays  in 
monitoring  any  region  of  interest. 

RECOMMENDATIONS  AND  RESEARCH  PLANS 

The  NICE  program  will  be  enhanced  to  include  stations  at  regional  distances.  A 
graphical  user  interface  (using  Xwindows).  will  be  added  and  the  program  will  be 
connected  to  the  Center  relational  database  management  system.  We  will  then  apply 
XNICE  to  regions  where  there  is  concern  about  the  possibility  of  clandestine  nudear 
testing  to  evaluate  existing  networks  and  identify  network  improvements  to  optimize 
identification  capability. 
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OBJECTIVES 

This  paper  repons  on  the  progress  of  a  continuing  project,  dealing  with  discriraina- 
rion  analysis  research  of  a  large  number  of  regional  events  processed  by  the  Intelligent 
Monitoring  System  (IMS),  and  a  new  project  concerned  with  issues  involved  with  porting 
discriminants  from  known  geographic  regions,  such  as  Scandinavia  and  the  U.S.,  to  other 
regions  of  the  world,  like  the  Middle  East  In  both  smdies,  a  seismic  discrimination  re¬ 
search  system,  called  the  Intelligent  Seismic  Event  Identification  System  or  ISEIS,  devel¬ 
oped  under  an  earlier  project  (Baumgardt  et  al,  1991)  has  been  used  to  process  events 
formed  by  the  IMS  to  extract  discrimination  waveform  features  and  to  view  the  processing 
results.  Our  goals  have  been  to  analyze  the  promising  waveform  discriminants;  to  examine 
the  variabilities  of  performance  of  waveform  discriminants  for  identifying  nuclear  explo¬ 
sions,  chemical  explosions,  and  earthquakes;  to  determine  the  possible  causes  of  these 
variabilities;  and  to  study  effects  of  propagation  path  which  will  affect  the  porting  of  dis¬ 
criminants  to  other  regions  of  the  world. 

RESEARCH  ACCOMPLISHED 

ISEIS  Processing  of  IMS  Data 

The  ISEIS  system  has  been  successfully  installed  at  the  Center  for  Seismic  Studies 
(CSS)  and  interface  with  the  CSS  databases  in  order  to  process,  either  automatically  or 
interactively,  regional  seismic  waveforms  formed  by  the  IMS  (Baumgardt  et  al ,  1993). 
Figure  1  shows  a  schematic  diagram  of  the  processing  methods  used.  Since  ISEIS  was 
designed  to  be  a  research  system,  much  effort  was  given  to  provide  numerous  options  for 
extracting  a  variety  of  waveform  features  (e.g.,  regional  multifrequency  PIS  ratios,  spectral 
features)  which  are  all  stored  in  an  Oracle  database.  These  features  can  then  be  extracted 
from  this  database,  either  by  ISEIS  or  by  other  algorithms,  such  as,  for  example,  SPLUS, 
in  order  to  do  subsequent  statistical  analysis  and  visualization  studies  of  the  features  for 
discrimination  pmposes. 

ISEIS  ^so  includes  interfaces  for  a  rule-based  expert  system  which  contains  rules 
for  the  identification  of  events  based  on  waveform  features.  Currently,  discrimination  rules 
have  been  implemented  for  identification  of  explosions  and  earthqu^es  based  on  regional 
high-frequency  (8-16  Hz)  PIS  amplitude  ratios,  single-phase  spectral  ratios,  and  ripple-fire 
detection  in  mine  blasts  based  on  time-independent  spectral  modulations.  The  system  is 
sufficiently  modular  to  allow  the  modification  of  discriminants  and  the  easy  incorporation 
of  new  ones.  Our  statistical  visualization  smdies  of  multivariate  PnISn  and  PnlLg  ratios  in 
different  frequency  bands  (Baumgardt  et  al,  1993)  revealed  that  discrimination  information 
is  contained  in  all  the  frequency  bands.  Thus,  in  order  to  utilize  these  multivariate  features, 
a  three-layer  perceptron  neural  network  simulator,  trained  by  back-propagation,  has  been 
implemented  for  event  identification  using  ISEIS-derived  phase-amplimde-ratio  features. 
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The  performance  of  these  rule- based  and  neural-network  identification  procedures  are  now 
being  evaluated  on  a  large  database  of  presumed  known  events  recorded  by  the 
Scandinavian  arrays,  NORESS,  ARCESS,  and  FINESA  (Riviere-Barbier  et  al.,  1993)  and 
on  events  in  the  ground-truth  database  (Grant  et  al,  1993). 

Discriminani  Evaluation  On  the  Ground  Triah  Database  and  Other  Known  Events 

Data  for  selected  events  in  the  Ground-Truth  Database  (GTD)  at  the  CSS  (Grant  et 
al.,  1993)  and  other  presumed  known  events  have  been  processed  by  ISEIS  and  the 
amplitude-ratio  and  spectral-ratio  features  have  been  studied  in  detail  (Baumgardt  et  al, 
1993).  Most  of  the  events  in  the  GDT  consist  of  mine  blasts,  earthquakes,  and  mine 
tremors  in  mining  districts  of  Germany  (Vogtland)  and  Poland  (Lubin,  Upper  Silesia) 
recorded  at  the  GERESS  array  and  the  Steigen  earthquake  swarm  in  nonhem  Norway, 
recorded  at  ARCESS  and  NO^SS.  Other  events  studied  have  included  earthquakes  and 
mine  blasts  in  southern  Norway  recorded  at  NORESS  and  ARCESS  recordings  of 
Spitzbergen  region  earthquakes  and  mine  blasts  on  the  Kola  Peninsula. 

Figure  2  shows  a  summary  of  Pn/Lg  amplitude  ratios  results  for  mine  blasts  and 
eanhquakes  recorded  at  the  three  arrays,  GERESS,  NORESS,  ARCESS,  for  three 
different  geographic  regions.  Although  the  distance  ranges  of  the  events  from  these  three 
arrays  and  tectonic  characteristics  of  the  three  geographic  areas  varied  considerably,  the 
high-frequency  PnJLg  were  ve^  consistent.  As  found  in  other  smdies  (e.g.,  Bennett  et  al, 
1989),  high-frequency  P/S  ratios  separate  explosions  and  earthquakes,  with  explosions 
having  higher  v^ues.  However,  our  studies  have  shown  that  the  mine  blast  populations 
have  much  greater  variance  in  these  ratios  than  earthquakes,  which  is  clear  in  Ae  larger 
error  bars  for  the  blasts  evident  in  Figure  2.  Mine  blasts  can  generate  significant  shear 
waves,  perhaps  due  to  spall,  induced  fracturing  of  rock,  or  associated  mine  tremors,  and 
thus  cannot  be  considered  to  be  pure  explosions. 

Figure  3a  shows  a  plot  versus  dstance  of  PnJLg  in  the  8  to  10  Hz  band  for  mine 
blasts  and  earthquakes  in  the  Vogtland  region  of  Germany  and  mine  tremors  in  the  Lubin 
region  of  Poland.  Clearly,  mine  tremors  resemble  earthquakes  in  that  they  have  low  PnJLg 
ratios.  Some  of  these  events  may  be  associated  with  blasting  activity.  Thus,  the  low 
Pn/Lg  ratios  we  have  observed  for  blasts  in  other  regions  may  be  a  result  of  their  being 
associated  with  induced  mine  tremors. 

Bennett  arid  Murphy  (1986)  showed  that  spectral  ratio  between  low  and  high  fre¬ 
quency  bands  of  the  Lg  spectrum  effectively  separated  explosions  and  nuclear  explosions 
in  the  western  U.S.  Figure  3b  shows  a  plot  of  the  Lg  spectral  ratios  (2-4  Hz/4-6  Hz)  for 
the  same  events  in  Germany  and  Poland  shown  in  Figure  3a.  We  find  that  this  ratio  sepa¬ 
rates  the  Vogtland  mine  blasts  and  earthquakes,  with  earthquakes  having  lower  ratios 
(higher  frequencies)  than  blasts,  although  the  mine  blasts  have  larger  variance  that  the 
eanhquakes.  However,  Figure  3b  shows  that  the  induced  events  at  Lubin  are  very 
scattered  and  overlap  both  populations.  Baumgardt  et  al  (1993)  found  this  discriminant  to 
be  completely  ineffective  in  the  Scandinavian  shield.  We  suggest  that  this  discriminant  may 
be  due  to  depth  differences  between  earthquakes  and  explosions  and  may  be  strongly 
affected  by  tectonic  region. 

.  Tectonic  Effects  on  Discriminants  -  Portability  Issues 

As  mentioned  above,  waveform  discriminants  will  be  strongly  affected  by  differ¬ 
ences  in  propagation  path  which  must  be  taken  into  account  when  porting  discriminants 
from  one  geographic  region,  such  as  Scandinavia  or  western  U.S.,  to  other  regions,  like 
the  Middle  East  We  have  begun  a  smdy  to  investigate  these  effects  in  detail. 

We  expect  that  regional  propagation  across  the  Middle  East  will  be  much  more 
complicated  by  tectonic  features,  such  as  the  Red  Sea  and  Jordan  rifts,  than  the  simple." 
shield  regions  of  Scandinavia.  As  an  analogy  to  this  region,  we  have  investigated 


24 


J 


Mine  Blasts 


Earthquakes 


eiasts-eSRESS  Slasu-ARCESS  Slaiits-NORESS  Cuakes-GERESSOuatias-ARCcSSCuakas-NCnESS 


Figure  2:  Boxplot  diagram  of  PnlLg  ratios  in  the  6-8  Hz  and  8-10  Hz  band 
•L^***®  blasts  and  earthquakes  recorded  by  three  regional  arrays  in  three 
different  geographic  regions. 
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variations  in  Pn,Sn  ratios  for  earthquakes  in  the  Spitzbergen  and  Greenland  Sea  regions, 
associated  with  the  northern  pan  of  the  Mid-Atlantic  ridge,  compared  with  nuclear 
explosions  at  Novaya  Zemlya,  continental  earthquakes,  and  mine  blasts  on  the  Kola 
Peninsula. 

Figure  4  shows  a  plot  versus  distance  of  PniSn  ratios  in  the  8-10  Hz  band,  mea¬ 
sured  at  ARCESS,  for  these  events.  The  events  plotted  as  triangles  are  events  from  the 
Greenland  Sea.  They  exhibit  large  scatter  and  some  of  the  events  have  large  PniSn  ratios, 
associated  with  low  Sn  excitation  compared  with  Pn  which  overlaps  the  nuclear  explosion 
values.  Figures  5a  and  5b  show  plots  of  the  locations  of  the  events  which  had  high  and 
low  PniSn  ratios,  respectively.  These  plots  show  that  the  events  with  high  PniSn  ratio 
occurred  on  or  near  the  east  flank  of  the  Mohns  Ridge,  whereas  the  events  with  low  PniSn 
ratio  occurred  well  to  the  east  of  the  Ridge.  It  has  long  been  known  (e.g.,  Molnar  and 
Oliver,  1969)  that  Sn  wave  propagation  inefficiendy  across  rift  zones  and  our  results  show 
that  inefficient  Sn  propagation  will  produce  explosion-like  PniSn  ratios. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Discrimination  studies  of  Scandinavian  and  European  explosions  and  earthquakes 
processed  by  the  IMS  and  ISEIS  have  demonstrated  that  regional  wavefo;*m  features,  most 
notably,  high-frequency  PIS  ratios,  can  provide  useful  discrimination  capability.  Nuclear 
explosions  can  be  clearly  identified  based  on  high  PniSn  ratios  (Baumgardt,  1993). 
However,  many  mine  blasts  may  be  confused  with  earthquakes  because  the  former  can 
generate  significant  shear  waves  due  to  associated  spalling  and  induced  mine  tremors. 
Hopefully,  many  such  events  can  be  identified  from  observed  ripple  fire  or  context. 
However,  when  considering  evasion  scenarios  in  mines,  it  should  be  recognized  that  earth¬ 
quake-like  features  can  be  produced  by  shallow  explosions. 

With  respect  to  porting  discriminants,  we  have  seen  clear  indication  of  propagation 
path  effects  on  PniSn  ratios  and  possible  tectonic,region  effeca  on  Sn  and  Lg  spectral  ra¬ 
tios.  Future  research  for  nonproliferation  monitoring  will  be  directed  towards  a  closer  ex¬ 
amination  of  these  effects  and  to  developing  methods  for  utilizing  geologic  and  tectonic 
knowledge  of  propagation  paths  to  properly  calibrate  waveform  discriminants  in  regions  of 
extreme  tectonic  complexity,  such  as  in  the  Middle  East. 
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Figure  5:  (a)  Map  showing  locations  of  earthquakes  which  produce  high 

PnISn  ratios,  indicating  strong  attenuati*  n  of  Sn.  These  events  occurred 
near  the  Mohns  Ridge  rift,  (b)  Locations  of  events  which  produce  higher 
PnISn  ratios,  which  show  less  attenuation  of  Sn.  Most  of  these  events 
0(‘  {'red  more  east  of  the  Ridge  or  ^n  Spitzi  'en. 
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Objective 

The  research  described  here  deals  with  two  types  of  seismic  events  (viz.  rockbursts  and 
decoupled  nuclear  explosions)  which  are  important  to  the  discussions  of  nuclear  weapons 
proliferation  and  more  comprehensive  limitations  on  nuclear  weapons  tests.  However,  over  the 
past  several  years  these  event  types  have  received  only  limited  attention  in  seismic  research  and 
remain  problems  for  seismic  identification.  Since  the  last  review  meeting,  S-CUBED  has 
continued  research  on  the  seismic  identification  of  rockburst  events  and  related  mine  tremors.  The 
frequent  occurrence  of  these  types  of  events  in  mining  areas  throughout  the  world  (cf.  Figure  1) 
and  the  problems  which  they  pose  for  standard  teleseismic  discriminants  indicate  that  alternative 
methods  of  signal  measurements  and  event  discrimination  (primarily  based  on  regional  signal 
analyses)  would  be  useful  to  facilitate  their  identification.  We  have  been  exploring  the 
characteristics  of  the  mechanisms  and  seismic  signals  from  these  mine-related  events  and 
attempting  to  find  features  which  will  aid  in  their  discrimination.  Interest  in  lower  discrimination 
thresholds  also  directs  attention  at  decoupled  or  partially  decoupled  nuclear  explosion  tests.  For 
these  latter  events  we  have  been  seeking  to  determine  regional  signal  characteristics  which  will  be 
useful  in  distinguishing  this  type  of  event  from  small  chemical  explosions.  In  these  analyses  we 
have  used  recently  acquired  seismic  data  from  decoupled  explosions  and  nearby  mine  blasts  in  the 
former  Soviet  Union  as  well  as  prior  U.  S.  experience. 

Research  Accon>plishments 

Our  investigation  of  rockburst  events  has  been  directed  at  review  of  the  characteristics  of 
rockburst  mechanisms  from  different  source  areas  and  discrimination  analyses  of  seismic 
waveform  data  from  rockbursts  events  in  varied  source  environments  around  the  world.  Published 
reports  on  the  mechanisms  of  mining-induced  seismic  events  indicate  several  distinct  source  types 
may  be  experiencecLand  that  the  mechanism  is  to  some  degree  controlled  by  mining  practice. 
Hasegawa  et  al.  (19}’9)  identified  six  distinct  models  for  induced  seismic  'vents  associated  with 
mining:  (1)  cavity  collapse,  (2)  pillar  burst,  (3)  tensile  failure  of  cap  rock,  (4)  normal  faulting 
above  the  stope  face,  (5)  thrust  faulting  on  pre-existing  fractures  above  or  below  the  excavation, 
and  (6)  shallow,  near- horizontal  thrusting  along  layer  boundaries  above  the  mine  roof.  These 
various  models  would  be  expected  to  differ  with  regards  to  energy  release  and  the  mechanism  of 
seismic  wave  generation  (cf.  Bennett  et  al.,  1993).  Individual  rockfalls  or  pillar  bursts  would  be 
expected  to  normally  release  only  small  amounts  of  seismic  energy  and  to  have  simple  vertical 
force  or  dipole  mechanisms  unlike  double-couple  mechanisms  experienced  in  typical  earthquakes. 
On  the  other  hand,  many  large  mining-induced  events  throughout  the  world  appear  to  be  associated 
with  the  release  of  tectonic  stress  on  pre-existing  faults  or  fractures  in  the  vicinity  of  the  mine 
opening.  These  triggered  events  normally  have  mechanisms  and  produce  seismic  signals  similar  to 
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those  of  double-couple  earthquakes.  Examples  of  this  latter  case  are  seen  in  the  mechanisms  of 
most  large  rockbursts  in  South  Africa  which  typically  appear  to  be  associated  with  shear  failure  on 
faults  or  planes  of  weakness  near  the  excavation  (cf.  McGarr  et  al.,  1979).  These  South  African 
mine  tremors  have  magnitudes  which  frequently  exceed  5  mb  with  most  of  their  seismic  energy 
derived  from  the  release  of  the  tectonic  stress.  However,  with  regard  to  the  influence  of  rockburst 
mechanism  on  the  signal  spectrum,  McGarr  et  al.  (1990)  and  BatSs  (1992)  found  evidence  that  the 
observed  spectral  decay  rate  for  body  waves  from  these  South  African  mine  tremors  could  not 
always  be  explained  bv  a  simple  double-couple  rupture  model  but  might  instead  be  represented  as  a 
multiple  rupture.  Thus,  many  rockburst  might  be  expected  to  have  mechanisms  distinct  from  other 
source  types. 

A  particularly  interesting  example  of  a  large  rockburst  (mb  =  5.4)  is  the  event  which 
occurred  in  Central  Europe  on  March  13, 1989  near  Volkershausen,  Germany.  Unlike  the  SouLh 
African  tremors,  the  Vblkershausen  rockburst  is  thought  to  have  been  produced  by  the  nearly 
simultaneous  collapse  of  multiple  mine  pillars  (cf.  Ahomer,  1989;  Minkley,  1993).  Tlie  proposed 
model  for  this  event  is  illustrated  schematically  in  Figure  2.  Observations  in  the  mine  and  at  the 
surface  above  indicate  that  the  area  above  the  mine,  extending  for  several  square  kilometers, 
subsided  within  1-2  seconds  by  an  amount  averaging  between  0.5-1  meter.  We  estimated  the 
potential  energy  loss  corresponding  to  this  down-dropped  block  and  the  radiated  seismic  energy 
based  on  the  Gutenberg-Richter  relation  between  energy  and  magnitude.  The  calculated  seismic 
efficiency  of  about  0.5  %  seems  reasonable  for  this  type  of  event  mid  suggests  that  an  event  of  this 
magnitude  could  have  been  generated  by  the  raultiple-pillar-collapse  model  without  the  need  to 
draw  on  tectonic  stress  release.  The  corresponding  seismic  mechanism  has  been  represented  as  an 
implosion  by  Ahomer  (1989).  This  mechanism  appears  to  be  corroborated  by  the  observation  of 
dilatational  P-wave  first  motions  at  all  azimuths  for  all  the  nearby  seismic  stations  (about  50 
stations  to  distances  of  380  km;  Ahomer,  1989).  However,  it  should  be  noted  that  many  first 
motions  (nearly  half)  reported  to  ISC  for  this  event  are  compressional,  including  most  of  the 
teleseismic  observations.  This  would  be  inconsistent  with  a  simple  implosional  source  mechanism 
for  the  Volkershausen  event  but  could  just  represent  erroneous  first  motion  determinations  by  the 
varying  analysts  reporting  to  ISC  for  low  signal-to-noise  recordings.  We  are  continuing  to 
investigate  this  discrepancy. 

The  waveform  database  developed  for  this  study  currently  includes  digital  waveforms  for 
more  than  100  events  from  known  rockburst  source  regions.  To  date  we  have  focussed  our  data 
collection  efforts  on  two  areas:  South  Africa  and  Central  Europe.  The  South  African  events 
include  mine  tremors  from  the  deep  gold-mining  area  in  the  Witwatersrand  basin  and  presumed 
earthquakes  scattered  throughout  the  remainder  of  the  country.  The  Central  European  events 
include  rockbursts  from  several  parts  of  the  region  but  are  concentrated  mainly  in  the  Lubin  and 
Upper  Silesia  areas  of  Poland.  For  comparison  we  have  included  in  the  database  a  few  of  the 
larger  earthquakes  from  the  region  for  which  good  regional  recordings  are  available.  For  events  in 
these  areas  we  have  tried  to  collect  all  available  waveform  data  from  GDSN,  IRIS,  and  ARPA 
array  stations.  We  have  performed  a  variety  of  measurements  on  the  time-domain  signals 
comparing  relative  amplitudes  of  P,  S,  and  Lg  between  events  of  similar  and  contrasting  source 
types.  The  La/ELor,SZP  ratios  observed  at  regional  stations  tend  to  be  larger  for  rockbursts  than  for 
aJl  other  types  of  events.  We  plan  to  investigate  the  spectral  behavior  of  this  observation  in  more 
detail. 

For  the  Volkershausen,  Germany  rockburst  described  above,  we  have  been  comparing  the 
regional  seismic  signals  recorded  at  several  common  stations  with  those  for  a  large  European 
earthquake  (Germa^Netherlands  border,  April  13, 1992, 5.5  mb)  and  another  large  rockburst  in 
Germany  (May  16,  1991,  4.4  mb)  at  a  different  mine.  In  comparison  to  the  earthquake,  the 
Volkershausen  rockburst  produced  much  stronger  Lo  (relative  to  other  phases)  at  these  common 
stations  even  though  the  epicentral  distances  and  azimuths  were  comparable.  This  is  illustrated 
quite  nicely  in  the  band-pass  filter  analysis  shown  in  Figure  3  where  we  show  the  vertical- 
component  record  for  the  NORESS  center  element  unfiltered  and  in  three  narrow  frequency  bands. 
For  the  earthquake  the  S  signal  is  the  most  prominent  phase  at  all  frequencies;  while  for  the 
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Figure  2.  Schematic  model  of  the  1989  Volkershausen,  Germany  rockburst  ( 5.4  mb ) 
approximating  an  implosional  source  ( produced  by  simultaneous  failure  of  multiple  pillars )  and 
the  associated  energy  relations. 
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Figure  3.  Comparison  of  band-pass  filter  analysis  of  NORESS  vertical-component  waveforms 
from  the  1989  German  rockburst  and  1992  German/Netherlands  border  earthquake.  Note 
relatively  stronger  Lg  signals  for  the  rockburst  at  all  frequencies. 
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rockburst  Lg  and  P  signals  are  predominant  with  Lg  enhanced  at  low  frequencies  and  P  at  higher 
frequenciesr  The  preliminary  indication  from  the  second  German  rockburst  is  that  the  S  phase  is 
stronger  across  the  frequency  band,  making  this  latter  event  look  more  like  an  earthquake.  Haijes 
U993)  has  suggested  that  the  Volkershausen  rockburst  is  atypical  of  Central  European  events  for 
which  mechanisms  are  normally  associated  with  a  fault  rupture  process.  Thus,  the  strong 
differences  seen  in  Figure  3  between  the  rockburst  and  earthquake  may  not  be  representative.  It  is 
interesting  to  note  then  that  some  variations  in  the  regional  signals  are  to  be  anticipated  from 
rockbursts  within  relatively  confined  source  regions  and  the  variations  may  be  influenced  to  some 
degree  by  mining  practice. 

As  interest  increases  in  lower  nuclear  weapons  testing  thresholds,  comprehensive  test  bans, 
or  nuclear  weapons  proliferation,  the  use  of  cavity  decoupling  to  conceal  possible  tests  takes  on 
increased  significance.  For  identification  of  such  tests,  regional  seismic  discrimination  will  be 
extremely  important.  However,  we  have  only  very  limited  experience  in  regional  seismic 
monitoring  of  decoupled  nuclear  explosions.  The  U.S.  experience  in  this  areas  is  limited  to  the 
STERLING  nuclear  explosion.  Therefore,  seismic  data  recently  made  available  from  a  cavity- 
decoupled  nuclear  explosion  test  in  the  north  Caspian  area  of  the  former  Soviet  Union  is  viewed  ^ 
important  to  assessing  regional  seismic  monitoring  for  such  events.  Our  research  under  this 
contract  has  been  directed  to  the  analysis  and  comparison  of  near-regional  and  regional  seismic  data 
recorded  from  cavity-decoupled  nuclear  explosions  and  nearby  chemical  explosion  sources.  The 
ability  to  discriminate  these  event  types  is  viewed  as  critical  to  a  comprehensive  nuclear  weapons 
test  monitoring  effort. 

We  are  using  available  near-regional  seismic  data  from  the  STERLING  and  the  nearly 
collocated  STERLING  HE  chemical  explosion  and  the  newly  acquired  data  from  the  Soviet  Azgir 
decoupled  explosion  of  March  29, 1976  (4.4  mb)  and  from  some  mine  blasts  in  the  same  general 
region  recorded  at  similar  distance  ranges.  We  also  have  similar  recordings  from  a  tamped  nuclear 
explosion  at  the  same  Azgir  location  on  December  22, 1971  (6.0  mb).  The  common  near-regional 
stations  which  recorded  useful  signals  from  STERLING  and  STERLING  HE  were  at  ranges  of  16 
km  and  32  km.  The  broad-band  recordings  from  the  two  Azgir  events  were  obtained  at  station 
ranges  between  about  1  km  and  150  km.  The  mineblasts  from  the  former  Soviet  Union  occurred 
in  a  region  southwest  of  the  north  Caspian  area  in  the  vicinity  of  station  KIV  (cf.  Rivi^re-Barbier, 
1993)  and  were  recorded  on  broad-band  instruments  at  ranges  between  28  km  and  1 17  km. 

For  STERLING  and  STERLING  HE  we  have  compared  the  time-domain  and  spectral 
characteristics  of  the  P  and  S  waves  recorded  at  the  two  common  stations  from  the  nearly 
collocated  sources.  The  principal  difference  between  the  signals  observable  in  the  time  domain 
was  the  enhancement  of  S  relative  to  P  for  the  HE  chemical  blast  compared  to  the  decoupled 
nuclear  explosion.  In  the  spectral  domain  both  P  and  S  waves  were  found  to  be  enhanced  at  high 
frequencies  for  the  decoupled  nuclear  explosion  versus  the  HE  chemical  blast.  The  effect  on  the 
S/P  ratio  in  the  frequency  domain  is  seen  as  a  larger  value  over  a  broad  range  of  frequencies  for  the 
HE  chemical  blast  versus  the  decoupled  nuclear  explosion. 

We  are  currently  analyzing  the  amplitude  and  spectral  characteristics  of  the  regional  signals 
observed  from  the  Azgir  decoupled  and  tamped  nuclear  explosions  and  from  the  Russian 
mineblasts.  Comparisons  of  the  signal  characteristics  at  similar  epicentral  distance  ranges  from  the 
different  source  types  should  help  identify  distinguishing  features  which  may  be  useful  for 
discrimination.  For  the  moment  we  are  assuming  there  are  no  major  differences  in  region^  pha^ 
propagation  characteristics  between  the  area  around  Azgir  and  that  near  KIV;  this  assumption  will 
need  to  be  tested  in  future  investigations.  Future  plans  also  include  development  and  application  of 
appropriate  scaling  relations  to  minimize  effects  related  to  differences  in  the  explosion  yields 
between  source  types.  Figure  4  shows  expanded  P-wave  segments  recorded  on  the  broad-band 
vertical  components  at  similar  near-regional  distance  ranges  for  the  Azgir  decoupled  nuclear 
explosion  and  for  selected  chemical  blasts  from  the  Russian  mines.  The  onsets  of  the  P  waves  are 
approximately  alligned  about  1  second  after  the  start  of  the  records.  To  illustrate  the  complexity  of 
the  regional  discrimination  problem,  we  invite  you  to  test  your  visual  discrimination  capability  on 
this  record  sample.  Correct  answers  will  be  made  available  to  those  visiting  our  poster  display. 
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Figure  4.  How  good  is  your  visual  discrimination  capability?  This  figure  shows  selected  near- 
regional  P  waveforms  recorded  from  the  Azgir  decoupled  nuclear  explosion  and  nearby  quarry 
blasts  in  the  45  to  85  km  distance  range.  Come  to  our  poster  to  receive  your  score! 
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With  regard  to  rockbursts  our  observations  indicate  that  these  mining  induced  events  occur 
throughout  the  world  and  cover  a  large  range  in  magnitude.  Rockburst  mechanisms  and  the 
associated  behavior  of  the  regional  seismic  signals  vary  between  source  regions  and  to  some 
degree  between  sources  within  a  region.  The  latter  is  affected  and  may  be  controlled  by  raining 
practice.  The  characteristics  of  rockbursts  and  their  associated  regional  signals  need  to  be 
developed  for  other  areas  to  facilitate  their  future  identification;  and  the  potential  for  using 
rockbursts  to  conceail  covert  nuclear  weapons  testing  should  be  assessed. 

On  the  topic  of  cavity-decoupled  nuclear  explosions,  careful  analyses  of  near-regional 
signals  from  STERLING  and  STERLING  HE  suggests  there  may  be  differences  in  the  relative 
excitation  of  P  and  S  phases  as  well  as  spectral  differences  in  the  individual  phases.  Preliminary 
observations  comparing  time-domain  character  of  near-regional  P  phases  from  recently  acquired 
seismic  data  for  an  Azgir  decoupled  nuclear  explosion  revels  little  obvious  difference  compared  to 
nearby  mineblasts  recorded  at  similar  epicentral  distances.  Thorough  analyses  of  these  new  Soviet 
data  need  to  be  completed  and  compared  to  U.S.  experience  to  define  an  optimum  strategy  for  the 
seismic  identification  of  small  cavity  decoupled  explosions  in  these  and  other  source  environments. 
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Objectives 


In  order  to  discdminate  between  underground  nuclear  explosions  and  other  seismic 
sources,  it  is  necessary  to  have  confidence  in  derived  source  spectra  based  on  regional  and 
teleseismic  signals.  While  it  is  generally  accepted  that  a  considerable  amount  of  attenua¬ 
tion  and  resulunt  waveform  distortion  occurs  due  to  deformation  near  the  source,  an  area 
that  has  received  little  attention  is  the  broad  enveloping  region  of  nonlinear  deformation 
where  moderate  stress  perturbations  occur.  Owing  to  its  great  extent,  the  moderate  strain 
regime  has  the  potential  to  influence  the  entire  frequency  band  of  the  regional  and  telese- 
ismic  signals  and  thus  may  be  central  to  the  problem  of  inferring  source  characteristics 
from  far-field  signals. 

The  objectives  of  this  project  have  been  to  characterize  the  fundamental  aspects  of 
the  rheology  of  rock  subjected  to  moderate  perturbations  in  strain.  We  present  the  results 
of  experiments  designed  to  characterize  the  intrinsic  loading  path  dependence  of  the 
defortrution  of  rock  subjected  to  moderate  strains.  Cyclic  loading  tests  in  unconfined 
uniaxial  compression  have  been  performed  on  intact  and  jointed  Siem  White  granite  and 
Berea  sandstone.  Fundamental  aspects  of  the  hysteresis  are  identified  and  a  general  rheo¬ 
logical  model  is  constructed  which  embodies  the  effects  of  mean  load,  amplitude  of  the 
stress  perturbations,  as  well  as  some  aspects  of  previous  loading  history.  The  model  is 
parameterized  in  terms  of  hysteresis  in  the  modulus,  and  thus  can  be  easily  incorporated 
into  numerical  models  of  wave  propagation.  The  success  of  the  model  in  predicting  the 
hysteresis  in  the  deformation  for  arbitrary  loading  history  illustrates  that  realistic  theolo¬ 
gies  ate  tractable  for  the  moderate  strain  regime.  ExteruJon  of  this  work  to  other  rock 
types  and  other  modes  of  deformation  is  needed  in  order  to  constrain  realistic  models  of 
wave  propagation  from  underground  explosions. 


Research  Accompushed 

Introduction 

There  are  three  regimes  pertinent  to  discrimination,  detection,  and  yield  estima¬ 
tion: 

*  a  near  source  region  where  hydrodynamic  and  rock  failure  models  dominate 

the  rheology. 

*  a  moderate  strain  regime  where  rock  deformation  is  known  to  be  nonlinear, 

inelastic,  and  hysteretic,  yet  realistic  rheological  models  are  lacking. 

*  a  far  field  regime  where  rock  deformation  is  linear  and  traditional  seismologi- 

cal  techniques  can  be  applied. 

Previous  studies  have  shown  that  nonlinearities  have  a  significant  effect  on  spec¬ 
tral  character  and  amplitude  decay  of  the  elastic  waves  propagating  through  the 
moderate  strain  regime  (i.e.  Minster  et  al  [1991];  Wortman  and  McCarter  [1991]). 
In  this  study,  we  concentrate  on  studying  fundamental  issues  concerning  the  deforma¬ 
tion  of  rock  in  the  moderate  strain  regime.  Understanding  the  fundamentals  of  the 
rheology  of  rock  in  this  regime  are  required  before  developing  wave  propagation 
models  to  assess  its  importance  to  discrimination  and  detection. 
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When  rock  is  subjected  to  moderate  perturbations  in  strain  (10~^  to  10”^),  the 
resulting  deformation  is  strongly  dependent  on  the  loading  history.  This  loading  history 
dependence  is  referred  to  as  "hysteresis".  The  consequences  of  hysteresis  to  problems 
of  wave  propagation  are  largely  unknown.  Little  experimental  data  is  available  to  con¬ 
struct  realistic  rheological  descriptions  which  can  be  used  to  model  wave  propagation 
in  this  moderate  strain  regime.  Recent  studies  by  Minster  et  ai,  [1991],  Wortman  and 
McCarter  [1991],  and  Day  et  ai,  [1993]  indicate  that  detailed  rheological  descriptions 
which  include  the  intrinsic  loading  path  dependence  of  the  deformation  are  required. 
Their  conclusions  stress  that: 

•  simulations  must  embody  realistic  rheologies  in  order  to  be  helpful  in  assessing 

the  importance  of  the  nonlinearities  expected  in  the  moderate  strain  regime 
on  the  resulting  seismic  signal. 

•  more  laboratory  data  on  rheology  of  rock  in  the  moderate  strain  regime  is 

essential  before  model  simulations  can  be  reliably  used  to  study  the  effects 
of  the  observed  nonlinearity. 

•  the  moderate  strain  regime  has  the  potential  to  influence  the  entire  frequency 

band  of  the  regional  and  teleseismic  signals  and  thus  is  central  to  the  prob¬ 
lem  of  inferring  source  characteristic  from  these  seismic  signals. 

Experimental  Results 

An  experimental  study  has  been  initiated  to  characterize  hysteresis  in  the  defor¬ 
mation  of  rock  subject  to  the  conditions  expected  in  the  moderate  strain  regime  [  Boit- 
nott,  1992a,b;  1993].  A  data  set  on  intact  and  jointed  samples  of  Sierra  White  granite 
and  Berea  sandstone  has  been  collected  which  sheds  light  on  some  fundamental 
aspects  of  hysteresis  in  the  deformation  of  rock  subject  to  moderate  strains.  These 
results,  along  with  the  results  due  to  Holcomb  [1981]  and  Scholz  and  Hickman  [1983], 
demonstrate  that  these  rheologies  obey  important  simplifying  principles. 

Holcomb  [1981]  and  Scholz  and  Hickman  [1983]  demonstrated  that  deformation 
of  intact  and  jointed  rock  in  the  moderate  strain  regime  exhibits  end-point  memory. 
This  means  that  the  deformation  path  will  revisit  the  stress-strain  states  previously 
attained  at  local  extrema  in  the  loading  history.  For  complex  loading,  multiple  reversal 
points  can  be  "remembered"  simultaneously.  Although  simply  stated,  the  notion  that  a 
rock  will  "remember"  all  local  extrema  in  the  loading  history  leads  to  a  somewhat 
cumbersome  and  unusual  requirement  for  a  general  rheology. 

Recent  tests  on  Sierra  White  granite  and  Berea  sandstone  have  produced  further 
simplifications  to  the  notion  of  "memory".  Examples  of  some  of  these  tests  are  shown 
in  Figures  1  and  2.  Note  that  for  the  case  reported  in  Figure  1,  the  local  Young’s 
modulus  during  loading  is  to  first  order  independent  of  the  previous  local  maximum. 
The  modulus  vs.  load  paths  during  the  multiple  loading  segments  all  overlay,  yet  each 
segment  was  preceded  by  a  different  local  stress  maximum.  Similar  experiments  look¬ 
ing  to  see  if  the  local  modulus  during  unloading  "remembers"  the  previous  minimum 
in  stress  produce  similar  results.  In  such  experiments,  we  see  that  the  modulus  during 
unloading  is  to  first  order  independent  of  the  previous  minimum.  Thus,  the  modulus 
versus  load  relationship  during  both  loading  and  unloading  are  simple  functions  of  the 
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.  Fig.  2: 

a)  Time  history  o{-a  pertion  of  an  experiment  which  involves  sinusoidal  oscillations  of  stress  about  a  given  mean  stress. 

Note  each  set  of  oscillations  begins  and  ends  at  a  zero-crossing  of  the  perturbation.  Different  amplitudes  of  the 
stress  perturbation  and  different  mean  stresses  are  used. 

b)  Stress  -  Strain  response  for  an  intact  sample  of  Berea  sandstone  during  the  portion  of  the  loading  history  shown  in  (a). 

Note  that  the  stress  strain  relation  for  each  successive  cycle  overlay  after  the  first  quarter  cycle.  Thus  the  hysteresis 
loops  are  to  first  order  closed  and  repeatable.  This  is  found  for  both  Berea  sandstone  and  Siena  White  granite. 

c)  Local  Youngs  modulus  versus  axial  stress  for  Berea  sandstone  during  the  three  consecutive  4.25  MPa  amplitude  cycles 

shown  in  (a)  and  (b).  At  each  reversal  in  the  direction  of  loading,  there  is  a  rapid  inacase  (discontinuity)  in  the 
local  modulus.  During  the  unloading  portion  of  the  cycles,  the  modulus  versus  load  relationship  is  approximately 
linear  (E  =  A  +  Bo).  Similarly,  during  the  loading  portion  a  linear  relationship  is  also  seen.  The  modulus  E' , 
which  is  defined  by  extending  the  line  (E  =  a  +  bo)  to  the  maximum  and  minimum  stresses,  appears  to  be  a  rheo¬ 
logical  parameter  of  the  material.  The  extra  stiffening  Af  near  each  reversal  in  stress  direction  is  found  to  be  a 
unique  function  of  the  amplitude  of  the  local  stress  perturbation.  The  effect  of  this  stiffening  decreases  during  the 
first  MPa  or  so  of  loading  or  unloading  from  a  reversal.  The  unloading  parameter  B  is  constrained  by  the  local 
stress  maximum  and  the  global  extrema.  With  these  observations,  we  can  generate  a  general  rheology  for  cyclic 
loading  which  includes  the  effects  of  loading  history,  stress  amplitude,  and  mean  stress. 
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last  load  extremum  and  require  little  memory  of  previous  extrema.  This  important 
result  indicates  that  the  rheology  may  not  require  detailed  memory  of  previous  loading 
history  prior  to  the  previous  local  extremum  in  the  stress-time  history. 

Figure  2  shows  an  additional  experiment  which  illustrates  some  other  important 
features  of  hysteresis  in  rock.  In  the  test  shown  in  Figure  2,  the  loading  history  con¬ 
sisted  of  a  series  of  sinusoidal  load  variations  at  a  given  mean  stress.  In  Figure  2c,  the 
local  Young’s  modulus  for  a  portion  of  the  experiment  is  shown  plotted  against  stress. 
Here  we  see  a  similar  modulus-stress  relationship  to  that  in  the  stress  cycling  experi¬ 
ments  shown  in  Figure  1.  Note  that  there  are  a  number  of  features  of  the  modulus- 
stress  relationship  which  can  easily  be  exploited  in  formulating  an  empirical  rheology. 
Some  aspects  of  the  developed  parameterization  are  shown  graphically  in  Figure  2c 
and  can  be  briefly  summarized  as  follows. 

'  The  deformation  exhibits  long  term  memory  of  the  global  extrema  in  stress  and 
strain.  The  rheology  does  not  require  memory  of  local  extrema. 

•  With  the  exception  of  some  complications  in  the  immediate  vicinity  of  a  rever¬ 

sal  in  load,  the  modulus-load  relationship  during  both  loading  and  unloading 
are  well  defined  by  simple  linear  functions  of  stress. 

•  The  modulus  £'  defined  graphically  in  Figure  2  is  found  to  be  a  material  pro¬ 

perty  which  defines  the  modulus  upon  load  reversal  in  the  absence  of  the 
A£  effect.  For  Berea  sandstone,  E'  is  found  to  be  slightly  different  for 
loading  and  unloading. 

•  The  parameter  B  which  describes  the  decrease  in  modulus  with  decrease  in 

stress  is  found  to  be  a  simple  function  of  the  previous  peak  stress  and  the 
global  extrema  of  the  loading  history. 

•  Transient  stiffening  at  reversals  in  load  direction  (defined  graphically  in  Figure 

2  as  A£)  is  found  to  be  a  simple  function  of  the  amplitude  of  the  local 
stress  perturbation  and  decays  with  stress  during  loading  or  unloading. 

•  Once  E' ,  B,  and  A£  have  been  constrained,  the  parameter  b  defined  in  Figure 

2  is  uniquely  specified  by  the  constraint  that  deformation  must  revisit  the 
global  extrema.  Additionally,  the  parameters  A  and  a  are  in  effect  arbitrary 
for  the  problem  at  hand  and  come  out  directly  through  integration. 

Note  that  the  rheology  described  here  is  slightly  different  from  that  described  in 
Boitnott  [1993].  The  previous  version  of  this  model  involved  the  "closed  loop" 
assumption,  which  required  memory  of  all  local  extrema  and  thus  limited  the  rheology 
to  restricted  loading  histories.  Here  we  have  modified  the  rheology  to  only  require 
memory  of  the  gbbal  extrema  in  the  loading  history.  The  "closed  loop"  behavior 
becomes  a  result  "STThe  model,  not  a  part  of  its  foundation.  We  have  found  that  the 
model  parameters  are  independent  of  the  loading  history  of  the  test  from  which  they 
are  constrained,  indicating  that  the  parameters  describe  fundamental  material  proper¬ 
ties.  Thus,  with  these  few  observations,  a  general  rheology  has  been  formulated  which 
embodies  the  essential  features  of  hysteresis  for  die  case  of  variations  in  uniaxial 
stress. 

Model  Results 

Comparisons  of  the  predicted  deformation  with  measured  stress-strain  paths  are 
shown  in  Figure  3.  Note  that  the  effects  of  loading  history,  mean  stress,  and  the 
amplitude  of  the  stress  perturbations  are  well  preserved  by  the  rheological  description. 
These  figures  serve  as  an  illustration  that  a  general  rheology  is  tractable.  The  same 
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Fig.  3: 

Comparisons  of  model  predictions  with  data  for  portions  of  experiments  on  Sierra  White  granite  and  Berea  sandstone.  In 
each  figure,  the  model  results  have  been  offset  for  comparison. 

a)  Stress  -  strain  path  for  Sierra  White  granite  during  the  loading  shown  in  Figure  2a.  Note  that  the  gross  features  of  the 

deformation  are  well  described  by  the  model.  Refinement  of  model  parameters  should  improve  the  fit. 

b)  Similar  comparison  as  in  (a)  for  another  portion  of  an  experiment.  In  this  case  the  mean  stress  was  approximately  9.5 

MPa.  The  same  parameters  were  used  as  in  the  comparison  in  (a).  Thus  the  empirical  rheology  includes  the  effects 
of  both  the  mean  stress  and  the  amplitude  of  the  stress  perturbation. 

c)  Similar  comparison  of  measured  and  modeled  hysteresis  loops  in  Berea  sandstone.  Note  that  the  same  parameteriza¬ 

tion  can  be  used  for  both  granite  and  sandstone. 

d)  Comparison  of  model  predictions  with  data  for  the  experiment  shown  in  figure  1.  The  same  model  parameters  have 

been  used  in  both  (c)  and  (d).  Note  that  the  model  does  well  even  for  this  mote  complex  loading  history. 


parameterization  can  be  used  for  both  Sierra  White  granite  and  Berea  sandstone,  two 
rocks  with  very  different  microstructure  and  mechanical  properties.  In  addition,  the 
rheology  is  formulated  in  a  differential  form  which  can  be  fully  parameterized  in  terras 
of  the  stress  history,  and  thus  should  be  well  suited  for  incorporation  into  numerical 
models  of  wave  propagation.  Most  notably,  the  "memory"  of  previous  loading  history 
is  limited  and  thus  will  not  add  a  substantial  amount  of  overhead  when  incorporated 
into  numerical  simulations. 

Conclusions  and  Recommendations 

We  have  developed  a  model  which  incorporates  the  fundamental  features  of  hys¬ 
teresis  in  intact  rock  for  the  case  of  perturbation  in  uniaxial  stress.  The  model  success¬ 
fully  includes  the  effects  rock  type,  mean  load,  and  load  history.  Based  on  this  work, 
there  are  a  few  aspects  of  the  uniaxial  stress  tests  which  must  be  studied  in  more 
detail.  There  is  a  need  to  develop  a  better  understanding  of  the  nature  and  characteris¬ 
tics  of  the  A£  effect  illustrated  in  Figure  2.  Some  of  this  effect  may  be  related  to  a 
"visco-elastic  like"  relaxations.  We  also  recommend  experiments  on  both  dry  and 
saturated  samples. 

In  addition,  we  recommend  shear  oscillation  experiments  on  the  same  rock  types. 
Understanding  hysteresis  in  the  shear  modulus  is  essential  for  constraining  simulations 
of  shear  wave  propagation.  Since  spectral  ratios  of  compressional  and  shear  phases  are 
commonly  used  as  a  discriminant  as  well  as  an  indicator  of  important  details  of  the 
source  physics,  including  shear  modulus  in  this  study  is  very  important  Experiments 
should  also  be  conducted  in  a  triaxial  apparatus  to  include  the  effects  of  ambient 
confining  pressure  and  allow  greater  flexibility  in  control  of  the  mode  of  deformation. 
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OBJECTIVES 

Among  the  different  methods  used  to  automatically  locate  earthquakes  recorded  on  a  mini-array,  the 
method  based  on  the  broad  band  F-k  analysis  is  the  most  common  (e.g. .  Mykkeltveit  et  al.,  1990).  However,  this 
method  assumes  that  the  propagation  of  the  considered  wave  front  can  be  modeled  by  a  plane-wave  at  the  scale 
of  the  array.  Furthermore,  in  the  case  of  local  model  vanations  (e.g. .  station  anomalies)  the  resulting  precision  is 
very  low  because  of  the  large  wavelength  compared  to  the  array  extension.  To  take  into  account  these  difBculties, 
we  have  tested  another  method  based  on  a  high  precision  determination  of  the  arrival-times,  from  which  the 
event  location  is  derived  by  a  classical  Husebye's  method  which  computes  the  velocity  and  the  azimuth  of  the 
wave.  Each  time-window  is  processed  by  thi.s  method  in  different  frequency  bands  and  activated  only  if  the 
arrival-time  delay  set  is  consistent.  Furthermore,  this  consistency  is  used  as  a  signal  detector  and  leads  to  three 
time-frequency  functions,  representing  first  the  consistency,  and  second  the  velocity  and  azimuth  when  they  are 
available.  In  the  case  of  teleseismic  events,  the  event  location  is  strictly  derived  from  the  determinations  of  the 
velocity  and  the  azimuth.  But  for  regional  events  a  phase  identification  is  needed.  This  task  is  performed  by  a 
neural  network  which  uses  the  three  time-frequency  functions  as  inputs  and  which  leads  to  an  estimate  of  each 
phase  occiurence  possibility  as  a  function  of  time. 

Processing  of  a  set  of  28  regional  events  recorded  on  the  5-station  mini-array  worked  by  the 
Laboratoire  de  Detection  et  de  G^physique  of  the  french  Commissariat  4  I'Energie  Atomique  led  to  tlie 
following  results ; 

•  a  very  precise  determination  of  the  azimuth :  standard  error  is  less  than  4  degrees; 

-  a  good  phase  identification  capability  (especially  for  P-waves)  which  leads  to  an  estimation  of  the 
distance  with  a  relative  error  lower  than  20%. 


RESEARCH  ACCOMPLISHED 

In  1992,  the  french  Laboratoire  de  Detection  et  de  G6ophysique  of  the  Commissariat  4  I'Energie 
Atomique  has  installed  in  Central  France  a  temporary  mini-array  composed  of  5  vertical  short-period 
seismometers  (Figure  1).  Numerical  signals  are  digitized  at  a  rate  of  50  cycles  per  second  with  a  12-bit  dynamic. 

This  mini-array  has  recorded  more  than  100  teleseismic  events  and  about  28  regional  events  during  its 
4-months  operating  period.  This  experience  has  provided  a  useful  database  for  testing  different  automatic 


location  methods  (Cansi  et  al.,  1992).  We  have  shown  that  better  results  are  obtained  when  we  use  the  two-step 
correlation-method  which  computes  first  the  arrival-time  differences  with  a  high  precision  0«s  than  the 
sampling  mterval  0.02s),  and  second  the  azimuth  and  propagation  velocity  corrected  for  statistically  determined 
station  anomalies. 

n  Data  Processing : 

For  regional  events,  the  correlation  functions  which  define  the  arrival-time  differences  often  have 
several  relative  maxima  with  comparable  amplitudes.  This  leads  to  an  ambiguity  in  the  arrival-time  computation, 
which  can  be  removed  by  testing  the  consistency  of  the  time-delay  set,  using  the  Chasles  relationship ; 

At,^+At,,+At^-0 

Furthermore,  this  consistency  can  be  used  as  a  signal  detector.  When  the  studied  time-window 
contains  a  seismic  signal,  the  Root  Mean  Square  of  the  residuals  of  the  Chasles  relations  is  low  (i.e.  :  less  than 
the  sampling  interval :  it  is  an  estimate  of  the  measurement  accuracy).  On  the  opposite,  when  it  contains  only 
noise,  no  consistency  can  be  found  (i.e. :  the  RMS  of  Chasles  relations  is  high),  because  of  its  low  correlation  at 
the  scale  of  the  array. 

Then,  for  each  4.5s-time  window  and  for  different  frequency-bands,  we  can  estimate  a  probability  of 
signal  occurrence,  and,  in  the  case  of  high  probability,  the  corresponding  velocity  and  azimuth.  Some  exan^les 
of  these  time-fiequency  functions  are  displayed  on  figures  3  and  4.  For  each  time  step  and  for  each  fiequenty- 
band,  the  velocity  is  shown  (grey  scale)  only  when  the  consistency  is  better  than  0.02s. 

We  can  see  clearly  that  most  of  the  seismic  phases  lead  to  consistent  signals  whose  velocity  is  well 
defined  for  all  the  available  firequency-bands.  Nevertheless,  some  cases  are  more  ambiguous : 

•  a  phase  cannot  be  precisely  recognized  because  the  velocity  is  not  clearly  defined  (see  Sn-phase  on 
figure  4), 

-  a  false  detection  is  obtained  because  a  part  of  the  record  contains  consistent  noise  with  a  velocity 
compatible  with  the  regional  phases  velocity  (see  noise  on  figures  3  and  4  as  an  example). 

Since  these  two  kinds  of  problems  cannot  be  easily  modeled,  we  have  used  a  "learning  system" 
approach  based  on  a  neural  network  to  identify  the  different  phases  of  each  event  without  ambiguity. 

2)  Phase  Identification.: 

For  neuromimetic  applications,  the  classical  programming  efforts  are  transposed  to  the  determination 
of  the  various  authorised  degrees  of  fieedom  described  as  foilot^ : 

•  the  data  structure  :  the  first  step  is  to  extract  ftom  the  database  the  information  that  are  strictly 
necessary  for  phase  identification.  Furthermore,  those  data  have  to  be  invariant  by  translation,  rotation  and 
dilatation,  which  precludes  the  analysis  on  a  variable  period.  The  solution  we  chose  is  thus  to  present  as  inputs 
and  for  each  time  sample  the  signal  velocity  for  5  frequency  bands  (  firom  0  to  12  Hz).  The  data  whose 
corresponding  Chasles  RMS  is  greater  than  an  arbitrary  threshold  (i.e. :  0.02  s)  are  set  to  0. 


•  the  network  structure :  we  only  used  multi-layered  pcrceptrons,  with  a  sigmoid  tranfer  function.  They 
are  indeed  capable  of  building  complex  decision  hyper-volumes  in  the  hyper-space  of  the  input  riata^  thus 
realising  an  accurate  classifier.  Several  tests  led  to  choose  a  2  hidden-layer  perceptron.  The  complexity  of  the 
system  is  due  to  the  nlgb  non-linearity  of  the  problem. 

-  the  learning  function  .  we  chose  as  a  learning  function  the"back  propagation  with  momentum" 
method,  which  uses  a  gradient  method  to  minimize  the  quadratic  error  between  the  expected  and  the  observed 
results.  Despite  a  long  computing  time,  this  allows  a  reliable  and  accurate  learning  convergence. 

-  the  example  database ;  it  was  made  of  all  the  available  events,  excepted  3  of  them  on  which  the  tests 
were  made.  In  order  to  avoid  incoherencies,  the  arrival  time  of  each  phase  was  picked  on  the  time-frequency 
diagrams  ,  a  phase  is  thus  declared  present  over  the  whole  time-window  between  its  arrival  time  and  the  arrival 
time  of  the  following  phase.  Each  sample  is  presented  50000  times  in  a  random  order. 

-  the  network  topology  :  the  number  of  nodes  in  the  hidden  layers  was  determinated  empirically. 
Several  networks  were  designed  .  in  order  to  avoid  over-training,  we  chose  for  each  phase  the  simplest  one  which 
did  not  degrade  the  results.  Finally,  the  Pn  phase  requires  24+9  units,  the  Pg  phase  20+6,  the  Sn  phase  16+6  and 
the  Sn  phase  20+6  ( Figure  2 ). 

All  the  designing,  learning  and  testing  operations  were  performed  using  the  neural  simulator  SNNS, 
developed  by  the  Stuttgart  University.  The  middle  diagrams  of  figures  3  and  4  show  the  neural  outputs  as  a 
function  of  time  for  two  events  which  were  not  in  the  learning  database. 

3 Y  Distance  estimation  : 

In  order  to  remove  the  last  false  detections  due  to  consistent  noise,  a  post  data  processing  is  needed  to 
test  the  consistency  of  the  results  on  the  whole  signal,  by  using  the  azimuthal  information  as  described  as  follows; 

-  the  first  step  is  to  compute  an  azimuth  histogram  with  the  possibility  functions  previously  determined 
and  to  choose  the  more  probable  20®  wide  interval.  The  average  azimuth  can  then  be  calculated. 

-  the  second  step  is  to  refine  this  approximation  by  determining  the  most  probable  5®  wide  sub-interval 
for  each  phase.  For  each  time  sample,  the  probability  of  existence  of  a  phase  is  set  to  0  if  the  corresponding 
azimuth  is  out  of  those  sub-intervals. 

The  bottom  diagrams  in  figures  3  and  4  show  the  phase  characterization  curves  after  this  azimuthal 

filtering. 

At  this  step,  in  the  function  describing  the  possibility  of  occurrence  of  each  phase  as  a  function  of 
time,  all  the  information  which  do  not  belong  to  the  detected  event  have  been  removed.  The  last  step  -  the 
distance  evaluation  -  can  now  be  performed. 

Each  function  is  differentiated  to  allow  an  easy  detection  of  each  phase  by  identitying  the  times  where 
the  derivative  is  greater  than  an  arbitrary  threshold  (i.e. .  0.7).  When  only  two  phases  are  detected,  the  resulting 
distance  is  computed  using  the  two  times  for  which  the  produrt  of  the  corresponding  possibility  flmctions  is  at  its 
maximum.  When  more  than  two  phases  are  detected,  a  least-squares  estimation  of  the  distance  is  performed  for 
each  set  of  possible  arrival-times.  The  best  one  is  retained  as  the  event  distance. 
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4^)  Results  : 

We  have  processed  28  regional  events  which  occurred  in  Western  Europe  during  the  experiment 
Their  magnitudes  ranged  firom  Ml=2.2  to  Ml=5.3,  and  their  cpicentral  distances  firom  40  to  1200  km. 

The  azimuth  enor  is  shown  as  a  function  of  azimuth  on  figure  5.  It  is  clearly  that  this  method  leads  to 
a  very  precise  azimuth  estimation  :  the  mean  value  of  the  error  bars  is  roughly  3  degrees. 

For  the  21  events  for  which  a  distance  can  be  computed  (i.e.  :  at  least  two  phases  have  been 
recognized),  the  computed  distance  is  shown  versus  the  bulletm  distance  on  figure  6.  Except»l  for  two  events  for 
which  confusions  occurred  between  Sn  and  Lg«phases,  a  good  agreement  is  obtained  in  the  full  distance  range : 
the  relative  standard  error  is  less  than  20%.  This  results  are  illustrated  on  a  regional  map  showing  the  location 
errors  (Figure  7). 


CONCLUSIONS  AND  RECOMMENDATIONS 

We  have  tested  a  new  method  for  automatic  location  of  regional  seismic  events  recorded  on  a  mini* 
array.  This  method  include.s  first  a  signal  analysis  process  m  order  to  evaluate  the  consistency  of  the  relative  time 
delays  computed  from  the  correlation  functions,  and  second  a  neural  networic  analysis  to  identify  the  different 
phases  and  compute  the  distance  of  the  event 

The  standard  error  of  the  azimuth  estimation  is  less  than  4  degrees  for  a  set  of  events  with  distances 
ranging  firom  40  to  1200  km.  Most  of  the  P-phases  are  clearly  identified  by  the  system,  but  some  confusion 
between  Sn  and  Lg  phases  can  be  observed.  When  the  cases  of  misidentification  are  removed,  the  method  leads 
to  an  estimate  of  the  distance  with  an  uncertainty  of  about  20%. 

We  have  shown  that  this  method  is  able  to  produce  an  estimation  of  the  location  of  regional  events 
with  a  reasonable  error.  Further  studies  will  be  devoted  to  testing  the  method  on  a  larger  dataset  including  the 
new  design  of  the  mini<array  which  is  now  composed  of  10  stations,  and  for  lower  SNR  ratios.  Ck)mpari5ons  with 
azimuthal  and  velocity  determinations  computed  firom  the  new  3  components  station  and  firom  the  broad  band  F< 
k  analysis  will  also  be  performed. 
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Figure  1  :  Network  map.  It  is  centred  on  the  point  45.741 1N-2.0133E. 


Figure  2  :  Design  of  the  neural  networks. 
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Figure  3  .  Example  of  an  event  at  the  different  processing  levels :  the  time-frequency  plot  of  the  velocity  (top), 
the  4  phase  probability  functions  (middle),  and  the  same  after  azimuth  filtering  (bottom). 
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Figure  7  :  Regional  map  showing  the  location  errors  for  all  the  events. 


COMPARISON  OF  SINGLE-STATION  BACKAZIMUTH 
ESTIMATES  WITH  REGIONAL  EVENT  LOCATIONS 
IN  THE  CENTRAL  APPALACHIANS 


Martin  C.  Chapman,  Shaosong  Huang  and  J.  Anhur  Snoke 
Department  of  Geological  Sciences 
Virginia  Polytechnic  Insrimte  and  State  University 
Blacksburg,  Virginia  24061-0421 

Contract  No.  F19628-92-K-0029 
OBJECTIVE 

The  study  examines  the  accuracy  with  which  the  source-station  backazimuth  can  be 
determined  from  single-station  polarization  analysis  of  mining  explosion  generated  P  and 
Rg  wave  signals  at  near-regional  distances. 

RESEARCH  ACCOMPLISHED 

Station  BLA; 

The  Blacksburg,  Virginia,  GSETr-2  station  was  installed  in  January,  1990  in  the 
WWSSN  vault  on  the  campus  of  Virginia  Tech.  The  station  is  equipped  v/ith  Teledyne 
Geotech  GS-13  short-period  and  BB-13  broadband  sensors.  Di^tization,  multiplexing  md 
calibration  are  performed  by  a  Teledyne-Geotech  RDAS-200  unit,  and  time  synchronization 
is  obtained  via  a  Kinemetrics,  Inc.  Omega  receiver/clock.  The  short-period  and  broadband 
sample  rates  are  40  and  10  samples/sec,  respectively.  The  data  are  demultiplexed,  event- 
detected  and  archived  by  a  Science  Horizons,  Inc.  NOMAD  workstation. 

Location  of  the  Mining  Explosions: 

Figure  1  shows  the  locations  of  36  mining  explosions,  along  with  the  regional 
network  stations  used  for  epicenter  determination.  The  data  set  consists  of  multiple 
explosions  at  nine  mine  sites  plus  single  explosions  at  nine  additional  sites.  Confirmation 
of  the  geographic  locations  of  the  explosions  through  contact  with  the  mine  operators  has 
been  achieved  for  three  mines. 

The  epicenters  of  the  explosions  were  located  using  HYPOELLIPSE  (Lahr,  1980), 
with  a  three  layer  crustal  velocity  model  (Bollinger  et  al.,  1980).  In  cases  where  the  event 
epicenter  was  not  known  from  independent  information  and  where  multiple  events  were 
recorded  from  the  same  location,  the  network  location  with  smallest  statistical  uncertainty 
was  adopted  as  the  epicenter  of  the  group  of  explosions. 

Figure  2  shows  the  location  error  ellipses  for  the  events  in  the  data  set.  With  the 
exception  of  one  event  in  Kentucky,  the  error  ellipse  semi-major  axes  are  all  less  than  25 
km.  The  horizontal  angles  subtended  by  the  error  ellipses  as  viewed  from  station  BLA 
were  calculated:  the  maximum  uncertainty  (defined  by  the  angular  extent  of  the  error 
ellipse),  is  ±4.6  degrees.  This  error  estimate  does  not  account  for  any  systematic  bias  due 
to  inaccuracy  of  the  velocity  model.  However,  this  latter  source  of  error  appears  to  be 
small,  because  the  calculated  locations  are  within  10  km  of  the  confirmed  mine  locations  in 
Kentucky  and  West  Virginia. 

Method  of  P  wave  Polarization  Analysis: 

The  backazimuth  estimates  from  P  wave  arrivals  at  BLA  were  derived  using  the 
method  developed  by  Jurkevics  (1988).  The  short-period  data  were  corrected  for  minor 
differences  in  system  response  of  the  three  component  channels  (Chapman  et  al.,  1988). 
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Fourier  amplitude  spectra  of  the  P  wave  and  pre-P  wave  data  segments  were  calculated 
using  10  sec  time  windows.  Explosions  with  signal/noise  ratios  less  than  2  in  the 
frequency  range  1  to  10  Hz  were  rejected.  The  three  component  data  were  then  bandpass 
filtered  with  comer  frequencies  1.0  and  IG.O  Hz.  The  duration  of  the  moving  rime  window 
used  in  the  polarization  analysis  is  a  critical  parameter.  Testing  showed  that  a  window 
duration  of  0.5  seconds  generally  provided  the  best  backazimuth  determination.  Given  the 
data  bandwidth  of  1  to  10  Hz  and  a  sample  rate  of  40  samples/second,  windows  less  that 
0.5  seconds  in  duration  gave  unstable  results  due  to  the  small  number  of  sample  points, 
whereas  larger  windows  tended  to  reduce  resolution  because  of  the  non-starionary 
polarization  character  of  the  coda  immediately  following  the  initial  P  wave  arrival. 

An  example  showing  the  processing  procedure  is  shown  in  Figures  3  and  4.  In 
Rgure  3  the  data  have  been  rotated  into  vertical,  radial  and  transverse  components,  on  the 
basis  of  the  independently  determined  location.  Figure  4  shows  a  5  second  duration 
sequence  of  the  data  centered  near  the  time  of  P  wave  onset,  with  continuous  estimates  of 
backazimuth,  rectilinearity  and  signal/noise  ratio.  The  signal/noise  quantity  was  calculated 
as  the  ratio  of  the  average  three-component  amplitude  in  the  5  second  moving  window  to 
the  average  long-term  three-component  amplitude  using  a  10  second  data  segment  prior  to 
P  wave  onset. 

The  polarization  analysis  was  performed  in  an  automated  manner,  with  the  best- 
estimate  of  the  backazimuth  determined  on  the  basis  of  maximum  rectilinearity  near  the  time 
of  the  P  wave  onset. 

Results  from  the  P  wave  analysis: 

The  backazimuth  errors,  defined  as  the  differences  in  the  network  derived  estimates 
and  the  results  fi'om  the  three-component  polarization  measurements,  are  plotted  as  a 
function  of  signal/noise  ratio  in  Figure  5.  Figure  5  shows  that  ratios  less  than  2  can,  but  do 
not  always,  result  in  very  unstable  estimates  of  the  polarization  parameters,  as  evidenced  by 
the  two  points  with  backazimuth  errors  in  excess  of  90  degrees. 

Large  signal/noise  ratios  do  not  guarantee  accurate  backazimuth  estimates,  at  least 
for  BLA  and  this  mine  explosion  data  set  Figure  5  shows  no  evidence  for  the  backazimuth 
error  to  decrease  with  increasing  signal/noise  ratio,  in  the  range  2  to  10.  Deleting  the  two 
observations  with  errors  in  excess  of  100  degrees  results  in  a  mean  azimuth  error  of  -6 
degrees;  the  standard  deviation  is  21  degrees. 

Figure  6  shows  the  backazimuth  error  plotted  as  a  function  of  rectilinearity.  Again, 
there  is  no  tendency  in  this  data  set  for  the  errors  to  decrease  with  increasing  values  of  this 
parameter  in  the  range  0.8  to  1.0.  Thus,  it  appears  that  the  initial  P  wave  arrivals  from 
some  of  the  mine  explosions  are  arriving  from  off-azimuth  directions,  probably  due  to 
refraction  from  laterally  heterogeneous  velocity  structure. 

As  a  rale,  the  explosion  data  set  exhibits  very  emergent  and  complex  P  wave 
arrivals.  The  emergent  character  of  the  signal  may  be  due  to  the  extended  nature  of  the 
delay-fired  source-time  function  (Chapman,  et  al.,  1992).  Off-azimuth  arrivals  consisting 
of  converted  and  scattered  energy  appear  at  a  very  early  stage  in  the  coda:  rarely  can 
accurate  estimates  of  the  P  wave  backazimuth  be  obtained  from  portions  of  the  coda  at 
times  greater  than  1.0  second  following  the  initial  onset  time.  Also,  the  P  wave  angles  of 
incidence  with  the  vertical  are  small,  averaging  22  degrees  with  a  standard  deviation  of  9 
degrees.  This  results  in  a  reduced  signal/noise  ratio  on  the  horizontal  components.  This 
phenomenon,  which  may  be  station  dependent,  tends  to  further  reduce  the  accuracy  of  the 
backazimuth  determination  for  low  S/N  events. 
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Rg  Wave  Analysis: 


The  complications  discussed  above  make  accurate  backazimuth  determination 
difficult  for  this  delay-fired  explosion  data  set  In  an  effort  to  extract  more  information 
from  the  single-station  data,  we  have  examined  the  potential  for  using  the  Rg  phase  to 
determine  source  direction. 

Several  of  the  explosion  signals  exhibit  Rg  phases.  At  BLA,  Rg  is  a  Rayleigh 
wave  with  group  velocities  in  the  range  1.8  to  2.3  kWsec.  It  is  apparent  on  shon  period 
recordings  which  have  been  bandpass  filtered  for  the  range  0.2  to  1.0  Hz.  A  typical 
example  is  shown  in  Figure  7. 

The  backazimuth  of  the  source  was  estimated  from  the  Rg  wave  by  noting  that  for  a 
laterally  homogeneous,  isotropic  eanh,  the  phase  angles  of  the  Rg  radial  component 
Fourier  harmonics  lead  those  of  the  vertical  by  90  degrees.  In  the  presence  of  noise  and 
other  seismic  phases,  this  phase  difference  can  be  used  to  estimate  the  backazimuth  if 
energy  on  the  transverse  component  in  the  Rg  frequency  band  is  sufficiently  incoherent 
with  respect  to  that  on  the  vertical  and  radial  components.  The  approach  we  have  used  is 
described  below. 


Let  z(o)),  n(a))  and  e(co)  be  the  Fourier  transforms  of  the  windowed  time  series 
containing  the  Rg  arrival  on  the  vertical,  nonh-south  and  east-west  components.  For  an 

arbitrary  rotation  angle  representing  a  trial  source-station  azimuth,  the  radial  component 
of  motion  is  given  by 

r((i))  =  n(co)  cos(<|>)  +  efco)  sin  (({)) , 

and  the  phase  spectmm  is 

0  j.(a))  =  arg  r(a)). 


Similarly,  for  the  vertical  component,  the  phase  is 

0^(©)  =  argz(o)). 


Because  the  Rg  signal  is  bandlimited,  we  define  cc^  to  represent  the  j’th  discrete  Fourier 

frequency  in  the  range  (On  ^  ^  cOm,  j  =n,  n+l....m,  where  cOn  and  com  are  the  lower 

and  upper  bandlimits  of  the  signal. 

Let 

•  lz(co.)l^+lr(co.)l^, 

A.=  0 

J 


if  I  [  0 ,  (CO.)  -  0,  (CO.)  ]  -  7t/2 1  <  a 
*  J  ^  J 

if  1  [  0  r  (CO.)  -  0^  (CO.)  ]  -  7t/2 1  >  a 


where  a  is  a  pre-selected  phase  difference  tolerance.  By  summing  over  the  frequency  band 
of  interest,  we  obtain  a  measure  of  the  coherent  signal  amplitude  in  the  vertical-radial  plane. 
This  sum  is  normalized  by  the  total  3-component  amplitude  in  the  frequency  band  to  yield 

p  =  I  A.  /  /  Iz  (Q.)l  +  In  (co.)l  le  (a).)| 

j=n  J  V  j  i  J 

This  quantity  is  unity  when  the  rotation  angle  (j)  is  such  that  all  horizontal  motion  is  in  the 
radial  direction,  and  the  phase  differences  between  radial  and  vertical  Fourier  harmonics  in 

the  chosen  frequency  band  are  in  the  range  Jt/2  ±  a.  In  practice,  P  is  evaluated  with  <}) 
ranging  from  0  to  359  degrees,  in  1  degree  increments,  with  a  phase  difference  tolerance  of 
10  degrees.  The  value  of  (])  resulting  in  a  maximum  value  of  P  is  the  estimated  Rg  azimuth 
of  approach. 
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Figure  8  shows  P  ploned  as  a  function  of  trial  backazimuth  for  the  time  series  data 
shown  in  Figure  7.  In  this  case,  the  estimated  backazimuth  differs  by  16  degrees  from  the 
true  value. 

Results  from  the  Rg  wave  analysis: 

Figure  9  compares  the  backazimuths  estimated  from  the  Rg  phase  with  those 
derived  from  the  P  wave,  using  27  explosions  featuring  discernible  Rg  phases.  For  Rg, 
the  mean  error  is  -2  degrees:  the  standard  deviation  is  26  degrees,  which  is  only  5  degrees 
larger  than  the  result  obtained  from  the  P  wave  arrivals. 

CONCL’ SIGNS  AND  RECOMMENDATIONS 

We  have  compared  the  single-station  backazimuth  estimates  at  BLA  with 
independently  derived  locations  for  a  set  of  mining  explosions  and  find  that  for  sources  in 
the  northwest  quadrant,  polarization  analysis  of  the  P  wave  arrival  gives  an  essentially 
unbiased  estimate  of  the  source  direction  (mean  eiror  6  degrees),  but  that  the  scatter  in  the 
results  is  substantial,  with  a  standard  deviation  for  35  measurements  of  21  degrees. 

Characteristics  of  the  P  wave  signal  which  contribute  to  the  errors  in  the  estimates 
include:  (1)  emergent  initial  motions  from  the  delay-fired  explosions;  (2)  off-azimuth 
arrivals  and/or  convened  phases  arriving  early  in  the  P  coda;  (3)  steep  angles  of  incidence, 
averaging  22  degrees  from  vertical,  which  tend  to  reduce  the  signal/noise  ratios  on  the 
horizont^  components.  Optimum  data  segments  for  reliable  backazimuth  estimates  are 
restricted  to  shon  time  intervals  (1  second  or  less)  beginning  with  the  initial  P  wave 
motion. 

The  Rg  phase  is  present  in  many  of  the  explosion  signals  at  BLA.  Analysis  of  this 
arrival  using  a  phase  difference  criterion  results  in  backazimuth  estimates  of  approximately 
the  same  reliability  as  those  derived  from  the  initial  P  wave  motion.  These  results  are 
encouraging,  and  methods  for  combining  the  two  estimates  are  being  pursued. 
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Longitude  (Deg.) 


Htgre  2  Confirmed  mine  locauont  are  shown  by  the  circles  with 

associated  letters.  The  location  of  three-<ompone>M  station  BlA 
IS  shown  by  tjie  mangle.  The  ellipses  indicate  6$%  chi>square 
confidence  regions  foe  mine  tocaitons 


Figure  3  Time  senes  dau  for  eipiosion  m  Kenrucky  (mine  6  in  Fig.  2) 
The  data  have  been  routed  into  vertical  (top),  radial  (center), 
and  transverse  (bottom)  components 
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Bockozimuth  Error  (Oeg)  Bockozimuth  Error  (Deg) 


Signal/Noise 


i.  BockinwMtb  error  venm  iigftAi/ooiio  riuo.  (reoi  P  wiro 
politiiiuoQ  lailjriu. 


Figitro  g  BiekwmiKb  mor  wnwi  rociiliooonty.  from  P  «»v« 
poluuouoo  eooijriii 


Figure  7  A  typical  Rg  phase  The  ls(.  3rd  and  5ih  traces  from  the  top 
are  unfiliered  short-period  recordings  of  the  vertical,  radial 
and  transvertse  co.  iponents.  The  2nd,  -ith  and  6th  traces  are 
bandpass  filtered  from  0  2  to  1.0  Hz. 


EXPLOSION  number 


Figure  9.  Comparison  of  baekazimuth  estimates  from  Rg  and  P  wave 
polaniation  analysis. 
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Objective 

The  objective  of  this  study  is  to  develop  an  energy  transfer  theory  for  seismic  surface 
waves  in  a  random  scattering  and  absorption  half-space  medium.  Su  and  Aid  (1991)  found  a 
significant  difference  in  coda  attenuation,  Qc'^  for  quarry  blasts  and  earthquakes  for  lower 
frequencies  of  1.5  and  3  Hz  for  lapse  time  less  than  30  seconds,  and  they  suggested  that  such  a 
significant  difference  in  Qp'l  may  be  attributed  to  the  seismic  surface  wave's  contributions.  To 
interpret  the  observed  seismic  coda  waves  we  need  to  consider  the  seismic  surface  wave 
scattering.  As  shown  in  Wu  (1985)  and  Zeng  et  al.  (1991),  the  energy  transfer  theory  can 
successfully  describe  the  seismic  body  wave  propagation  in  a  random  scattering  and  absorption 
full-space  medium.  In  this  paper,  we  establish  the  energy  transfer  theory  for  seismic  surf^ace 
wave  propagation  in  a  random  half-space  medium. 


Research  accompushed 

1.  Energy  transfer  theory  for  Rayleigh  wave 

In  this  section,  we  shall  consider  a  simple  case  in  which  the  background  medium  is  a 
homogeneous  half-space.  The  only  surface  wave  in  this  case  is  the  Rayleigh  wave.  For 
simplicity,  we  neglect  the  conversions  between  the  body  waves  and  the  Rayleigh  wave.  Then  the 
energy  distribution  of  Rayleigh  wave  in  an  absorption  and  scattering  medium  at  an  arbitrary 

point  X  for  frequency  o)  can  be  written  as, 

E^(x,a))  =  G(x,Xs)exp[-Ti''lr-rsl]eg(Xs,co)  +  X  a(Xj)G(x,Xs)exp[-Ti^lr-rjl]E*^(Xj,ci)),  (1) 

j 

Where,  r=  x-ez(x^z)  is  a  horizontal  vector,  andii”  is  the  attenuation  coefficient  that  includes  the 

intrinsic  (Tif )  and  scattering  attenuation  (ris ),  i.e.,Ti^  =  t]?  +  In  eq.(l),  E^(x,co)  is  the  seismic 

energy  per  unit  volume  carried  by  Rayleigh  wave  at  point  x  and  frequency  co.  The  first  term  in 
the  right-hand-side  of  (1)  represents  the  direct  Rayleigh  wave  energy  radiated  from  source,  and 
the  second  term  in  the  right-hand- side  of  U)  describes  the  total  scattering  energy  from  aU  scatters 

(Xj).  Where  o  is  the  scattering  cross-section,  G(x,Xj)  and  exp[-Ti''lr-rjl]  describes  the 
geometrical  spreading  and  a"**nuation,  respectively.  It  should  be  noted  that  the  attenuation  is 
caused  only  by  the  horizontd.  j-ropagation,  since  the  surface  wave  only  propagates  horizontally. 

For  weak  scattering  case,  the  scattering  cross-section  a  can  be  analytically  derived  by  using  Bom 

approximation  (Aki  and  Richards,  1980).  Here,  for  simplicity,  we  assume  that  a  is  a  constant 

The  geometrical  spreading  function  G(x,x'),  however,  can  be  determined  by  the  consideration  of 
energy  conservation. 
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Geometrical  Spreading  Function  of  Rayleigh  Wave: 

The  direct  Rayleigh  wave  (Rayleigh  wave  in  the  background  medium)  has  the  following 
form  (Aki  and  Richards,  1980), 


Where, 


U^x.co) 


PR(x)[PR(Xs)«Fj^  exp{i[kRlr-rsi+jt/4] ). 
V(7t/2)kRlr-rsl 


Pr(x)  =  ri(z,co)er  +  ir2(z,G))ez , 


(2) 

(2a) 


with  Cr  =  (r-rs)/ir-rsl.  The  corresponding  energy  density  is 

ElM  =  ^co2|uR(x,o))|2  =  IPr(x,)*F(x .  (3) 

2  ;ukR  jr_rj 

For  steady  state,  the  energy  rate  should  be  a  constant  for  any  closed-surface  that  encloses  the 
source,  namely. 


{ES(x,(0)vr}«s  dS  =  constant,  for  Xj  inside  S. 


(4) 


Where,  s  is  the  normal  vector  of  the  surface  element  dS,  and  vr  is  the  velocity  vector  of  the 
Rayleigh  wave.  Since  the  surface  wave  propagates  along  the  horizontal  direction,  we  consider  a 
cylindrical  surface  that  leads  to  a  simple  surface  integration, 

-2r 


{E5(x,co)vR}«sdS 


■H 


Rde  ES(x,to)vR . 


Where,  R  =  Ir-Tjl.  Substituting  (3)  in  (4),  we  find 


e5(Xs)  {E?(x,co)vr}»s  dS  = 


Vr 


2(i^p 

kR 


f 


IPR(z)|2dzlPR(Xs)»F(Xs)l^ 


2pa)2 

kR 


•  IF(Xs)l^{lri(Zs)n,|2  +  lr2(Zs)nz|2)  I  {lri(z)l^  +  Ir2(z)|2}  dz . 


1. 


Using  the  above  result,  eq.  (3)  can  be  rewritten  as 

E5()i.co) 

27clr-rsl 


Where, 


gR(z,0))--- 


IPr(z)12 


[ri(z,(i))^  +  r2(z,a))^] 


!PR(z')i^dz'  [ri(z',0))^  +  r2(z’,(0)^]dz‘ 


(5) 


(6) 


(6a) 
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Thus,  we  obtain  the  geometrical  spreading  function  of  Rayleigh  wave  energy  propagation  as 


G(x,x') 


gR(z,co) 
27tlr-r'l  ■ 


(7) 


From  equation(6a),  we  can  verify  the  following  identity. 


gR(z,co)dz  =  1 . 


(7a) 


Integral  equation  of  scattering  Rayleigh  wave  in  random  medium: 

We  are  now  ready  to  set  up  the  basic  integral  equation  for  Rayleigh  wave  scattering  in 
random  medium.  Substituting  eq.(7)  in  (1),  and  assuming  that  the  random  scatters  are  uniformly 
distributed  and  can  be  described  by  a  continuous  distribution  no(density  of  scatters),  we  obtain 
the  following  integral  equation, 

r 

ER(x,co)  =  gR(z>C0)e-n  'r-r.1  ^  gn(z,(0)  e-Ti«lr-rlER(x,a))dV(x‘)  .  (8) 

2;clr-rsl  2:tlr-r’l 

Jv 


Where,  T|^  =  no(J.  Eq.(8)  is  similar  to  the  energy  transfer  equation  for  body  wave  (Wu,  1985; 
Zeng  et  1991),  but  with  different  geometrical  spreading  functions  and  the  attenuation  factors 
that  are  caused  by  the  characterizations  of  surface  wave  propagation.  The  dependence  of  Ir-r’l 
indicates  the  horizontal  propagation  property  of  the  surface  wave,  whereas,  the  gR(z,co)  explores 
the  depth  distribution  of  surface  wave  energy.  Integral  equation  (8)  can  be  solved  by  using 
spatial  domain  Fourier  transform  method.  First,  we  note  that  equation  (8)  can  be  rewritten  as 


E^(x,0))  =  gs(z,co)E2(r,co). 

Inserting  equation  (9)  into  (8)  and  using  the  identity  (7a),  we  obtain 


E2(r,a))  =  Si^eR(Xs,(o)+  Ti^S^B^E|(r»  di:(r'). 
27tlr-rjl  27ilr^-l 

Jz 


(9) 

(10) 


Where,  2(r)  =  { (x,y)l-<»<x<+'»,  -<»<y<+<» } .  The  corresponding  Fourier  traiisform  is 


g(k,0))  =  G?(k)eS(Xs,CD)  +  q^G5(k)E^(k,o)). 


(11) 


Where,  we  assumed  Tj  =  0,  and  G2(k,co)  is  given  by 


4<a 

0'(k,a)  =  jj 


dxdy  exp(ik«r) 


■f 


Jo(kr)e-n'^dr=-7=l 


Vk2  +  (Ti®)^ 


(11a) 
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Substituting  this  result  in  eq.(ll),  then  taking  the  inverse  Fourier  transform  over  k,  we  finally 
obtain 


E''(x,co)  =  gR(z,G))PR(r,-^^■^^)  eS(Xs.co) . 


(12) 


Where  PR(r,Ti‘^,Tis)  is  the  inverse  Fourier  transform  of  G2(k,Q)), 


PR(r,Tl".ilf)  =  ^|  Jo(kr> 


kdk 


Jo  Vk^  +  (T]^f-r]f 


(12a) 


Solution  (12)  has  a  clear  physical  meaning.  The  term  £S(Xs,co),  as  defined  earlier,  contains  the 
seismic  source  information.  Function  gR(z,a))  represents  the  depth  dependence  of  Rayleigh  wave 
energy,  whereas  the  function  PR(r,ri'*,Tis)  describes  the  propagation  and  attenuation  processes  of 
the  Rayleigh  wave  energy.  PR(r,Ti’',Tis)  can  be  obtained  by  evaluating  integral  (12a).  For  a  pure 

absorption  medium  (r,s=0),  we  find  PR(r,Ti’^,0)  =  e-^V27tr .  This  is  consistent  with  our  direct 
Rayleigh  wave  (solution  in  background  medium).  For  general  absorption  and  scattering  media, 
we  can  numerically  evaluate  the  propagation  and  attenuation  function  PR(r,Ti®,'nf). 

2.  Energy  transfer  theory  for  Rayleigh  and  Love  waves 

For  a  general  venically  heterogeneous  background  medium,  both  Rayleigh  waves  and 
Love  waves  exist.  The  randomly  distributed  scatters  will  cause  the  conversions  between  these 
two  independent  types  of  surface  waves.  For  simplicity,  we  shall  still  neglect  the  conversions 
between  body  waves  and  surface  waves  as  we  did  above.  Then  the  energy  transfer  processes  of 
Rayleigh  and  Love  waves  can  be  described  by, 

EV.w)  =  G‘^(x,Xs)e-^‘''*'-'’'’eS(x,co)  (13a) 

+1  G''(x,x‘)e-^"ir-r'i{Tif  E“(x’,a))  +Ti^E‘'(x’,co))dV(x’) 

EHx,0))  =  G‘'(x,Xs)e-^‘''‘'-r.ie^(x,(i)) 

+1  G‘'(x,x')e-n'''«-.ri{T^s“'E’'(x’,CD)  +  Ti^E‘'(x»}dV(x) . 


Where, 

E1'(x,(b):  seismic  energy  carried  by  Love  wave  per  unit  volume  atx; 

.‘total  attenuation  coefficient  for  Rayleigh  wave,  T|^  =Tif  •♦■'nP+'nP; 
TiP:  Rayleigh  to  Rayleigh  waves  scattering  coefficient; 
riP :  Love  to  Rayleigh  waves  scattering  coefficient; 

T|^  :  total  attenuation  coefficient  for  Love  wave,  ='np  +  +I1s 
Tii'  :  absorption  coefficient  for  Love  wave; 

;  Rayleigh  to  Love  waves  scattering  coefficient; 

Ti^'^ :  Love  to  Love  waves  scattering  coefficient; 
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EqCXs.co):  total  Love  wave  energy  rate  radiated  from  source  divided  by  the  velocity  of 
Love  wave; 

G^(x,x'):  the  geometrical  spreading  function  for  Love  wave. 

Neglecting  all  the  contributions  from  higher  modes,  we  can  determine  G^(x,x’)  and  GHx.x') 
for  a  steady  state  in  the  same  manner  as  that  for  Rayleigh  wave  above,  and  find, 

GR(x,x')  =  M^  and  G‘-(x,x’)  =  ^^:^^,  (14) 

2;tlr-rl  27tlr-rl 


gR(z,a3)  = 


{[rf)(z,co)f +  (rf(z,co)f} 


["*{[rfV.z, 

Jo 


rf +  [rf(z,cu)f}dz 


and  gL(z,Q))  = 


[l(°)(z,a))f 


{l(<^)(z',0))}^dz' 


Where, 

r^°^(z,0)):  is  vertical  displacement  component  of  the  fundamental  Rayleigh  mode; 
r^°\z,ci)):  horizontal  displacement  component  of  the  fundamental  Rayleigh  mode; 
l^®\z,ci)) :  displacement  of  the  fundamental  Love  mode. 

Inserting  eqs.  (14),  (15)  and  (16)  into  eqs.  (13a)  and  (13b)  yields 

I  E^(x,o))  =  gR(z,o))Ef(r,a)) 

\  EHx,to)  =  gL(z,o))]^(r,o)) 


E2(r.co)  =  gri!^(Xs,0)) 


27tlr-rs 


Jj.  27tlr-rl 


(18a) 


■  f 

27tlr-rl 


'Ef(r»  +  Ti^E^(r,co)}dZ(r’). 


(18b) 


62 


Similar  to  the  Rayleigh  wave  energy  scattering  problem  discussed  above,  eqs.  (18a)  and  (18b) 
can  be  solved  by  using  the  Fourier  transform  method.  In  horizontal  wave-number  domain,  eqs. 
(18a)  and  (18b)  can  be  reduced  to. 


E!(k,co)  =  G5(k)eg(zs,w)  +  G5(k){TiPEf(k,co)  +  Tii'RE^(k,a))} 
S(k,(o)  =  Gkk)£fe,co)  +  Gkk){TiRL@(k,a))  +  TiLLg(k,a))} 


with,  G? (k)  =  — — ^ - and  G2(k)  =  ■■  ■  ■  ^ 


In  equation  (19),  we  have  assumed  Tj  =  0.  Using  compact  matrix  form,  equation  (19)  can  be 
solved  as 


E2(k,co)=  {I-qsG2(k))‘*  G2(k)eo(Zs,0)) 


(20) 


where. 


E2(k,o))  =[E2(k,0)),  E2(k,co)f ,  eo(zs,co)  =[e§(zs,to),  e^(Zs,a))], 

G2(k)  = 


'  55(k)  0 

.  115= 

T|P 

and  I  = 

10 

L  0  G^k)  J 

nP  Tip 

.01. 

By  taking  the  inverse  Fourier  transform,  we  finally  obtain  the  spatial  domain  solution  as  follows, 
E(x,(o)  =g(z,co)P(r,Ti^Ti‘';Tis)eo(zs,o)  (21) 


Where, 

E(x,0))=[E^(x,0)),  EKx,0))f 


g(z,a))  = 


gR(z,co)  0 
0  gL(z,co)  J  ’ 


and 


P(r;TlR;TiL;Ti^  =  ^[  {I-risG2(k)}''G2(k)kJo(kr)dk .  (21a) 

Solution  (21)  has  a  simil^  form  as  that  of  the  Rayleigh  waves  scattering  problem  discussed 
earlier.  g(z,  co)  gives  rise  to  the  depth  dependence  of  the  energies  for  Rayleigh  and  Love  waves, 

eo(zs,co)  represents  the  source  energies  of  Rayleigh  and  Love  waves;  and  P(r,q^;Tih'ns)  describes 
the  horizontal  propagation  and  attenuation  of  the  Rayleigh  and  Love  waves  in  a  scattering  and 
absorption  medium. 
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Conclusions  and  recommendations 


To  date,  we  have  developed  the  energy  transfer  theory  for  seismic  surface  wave 
propagation  in  a  random  medium.  Using  Fourier  transform  method  we  have  solved  these  surface 
wave’s  energy  transfer  problems.  Our  solutions  for  both  the  Rayleigh  wave  case  and  the 
Rayleigh-Love  wave  case  have  an  elegant  form:  the  energy  of  Rayleigh  or  Love  wave  can  be 
decomposed  into  three  factors,  namely,  the  depth-dependence  factor  determined  by  the 
fundamental  normal  mode,  the  source  factor  determined  by  seismic  source  parameters,  and  the 
horizontal  propagation  factor  determined  by  the  horizontal  distance  and  the  absorption  and 
scattering  coefficients  of  the  random  medium.  These  solutions  can  be  applied  to  interpret  some 
observed  seismic  coda  wave  that  is  believed  due  to  the  surface  waves  such  as  those  for  quarry 
blasts  and  shallow  earthquakes.  We  are  now  working  on  this  problem. 

By  neglecting  the  surface  waves,  Wu  (1985)  and  Zeng  et  al.  (1991)  developed  the  energy 
transfer  theory  for  seismic  body  wave.  In  this  study  we  set  up  the  energy  transfer  theory  for 
seismic  surface  waves  by  neglecting  the  body  waves.  In  some  cases,  both  the  body  waves  and 
surface  waves  have  significant  contributions,  we  therefore  need  to  cor.  ‘.der  the  energy  transfer 
process  for  both  body  waves  and  surface  waves  simultaneously.  We  will  work  on  this  problem 
in  the  future. 


References 

Aki,  K.  and  P.  G,  Richards  (1980).  Quantitative  Seismology:  Theory  and  Methods,  W,  HL 
Freeman,  San  Francisco. 

Su,  F. ,  K.  Aid,  and  N.  N.  Biswas  (1991).  Discriminating  quarry  blasts  from  earthquakes  using 
coda  waves.  Bull  Seism.  Soc.  Am.,  81, 161-178. 

Wu,  R.  S.  (1985).  Multiple  scattering  and  energy  transfer  of  seismic  waves-seperation  of 

scattering  effect  from  intrinsic  attenuation,  I.  Theoretical  modeling,  Geophys.  J.  R.  Astr. 
Soc.,  82, 57-80. 

Zeng,  Y.  H.,  F.  Su,  and  K.  Aki  (1991).  Scattering  wave  energy  propagation  in  a  random 
isotropic  scattering  medium,  1.  Theory,  J.  Geophys.  Res^,  96, 607-620. 


Scattering  of  Broadband  Regional  Waves  from  Sinusoidal  Layer 

Interfaces 

Robert  H.  Clouser 
Charles  A.  Langston 
Department  of  Geosciences 
Pennsylvania  State  University 
University  Park,  PA  16802 

Contract  F29601-91.K-DB12 


Objective 

The  propagation  of  regional  seismic  phases  is  influenced  by  gross  aspects  of 
lithospheric  structure,  such  as  layer  interfaces  and  average  layer  velocities,  as  v^ell  as 
velocity  heterogeneity  along  the  path.  Velocity  heterogeneity  serves  to  scatter  the 
vvavefield  giving  rise  to  apparent  phase  attenuation  and  excitation  of  significant  coda 
waves.  Our  objective  in  this  research  is  to  investigate  the  role  of  interface  irregularities  in 
the  formation  of  coda  and  its  effect  in  scattering  regional  seismic  phases.  We  approach 
this  problem  using  the  T-matrix  formalism  to  construct  solutions  to  the  wave  equation  for 
ideal  crustal  models  consisting  of  a  layer  over  halfspace.  The  free  surface  and  Moho  in 
these  models  are  allowed  to  take  on  sinusoidal  topography.  Line  source  solutions  are 
computed  to  investigate  the  nature  of  scattering  in  the  waveguide  and  outside  the 
waveguide  within  the  mantle  halfspace.  Assumed  topography  simulates  topography 
found  in  the  Basin  and  Range  province  of  the  western  U.S.  These  models  are  ev^uated 
to  determine  whether  interface  irregularity  may  be  a  major  factor  in  the  propagation  of 
various  regional  phases. 

Research  Accomplished 

SH  and  isotropic  line  source  problems  have  been  formulated  and  solved  using  the 
T-matrix  method  (Clouser.  1993).  Figure  I  shows  the  geometry  of  the  source  and 
structure  considered.  A  line  source  is  situated  within  a  layer  over  halfspace  structure 
where  the  free  surface  and,  possibly,  the  Moho  are  allowed  to  have  topography  with 
wavelength  "L"  and  amplitude  "b".  Topography  is  assumed  to  be  sinusoidal.  Theory  and 
numerical  methods  are  developed  in  Clouser  (1993)  and  are  too  extensive  to  be 
summarized  here.  A  final  report  to  the  sponsor  is  currently  being  prepared  and  will  be 
available. 

The  first  problem  considered  is  a  SH  line  source  imbedded  in  the  crustal  layer. 
Both  the  free  surface  and  Moho  may  have  the  same  topography.  Figure  2  shows 
synthetic  seismograms  for  a  distance  of  500  km  and  a  source  depth  of  15  km.  Only  the 
free  surface  has  topography  with  wavelength  43  km.  Topographic  amplitude  is  given  by 
b  which  changes  from  0  to  0.75  km.  The  synthetics  are  dominated  by  small  Sn  phases 
and  a  large  amplitude  wavetrain  of  crustal  multiples  which  can  be  considered  to  be  the  Lg 
wavetrain.  Surprisingly,  the  effect  of  scattering  from  the  free  surface  is  to  not  create  coda 
in  the  regional  wavetrain.  Progressive  multiples  are  scattered  and  lose  energy  as 
topographic  amplitude  increases.  Thus,  there  is  an  apparent  coda  attenuation  where  the 
wavetrain  has  progressively  larger  amplitude  decays  with  time.  Figure  3  demonstrates 
that  this  energy  scatters  out  of  the  crustal  waveguide  into  teleseismic  S  waves.  The  effect 
of  free  surface  and  Moho  topography  on  Sn  is  shown  in  Figure  4.  Higher  order  Sn 
multiples  are  somewhat  affected  by  free  surface  irregularity  but  Moho  topography  has 
little  effect  on  any  Sn  phase. 
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Results  for  the  isotropic  line  source  are  shown  in  the  remainder  of  the  figures. 
Onlv  the  free  surface  is  allowed  to  have  topography.  Figure  5  displays  broad  band 
regional  waveforms  for  a  layer  over  halfspace  model  with  no  topography  for  reference. 
Pn.  a  series  of  P  multiples  and  then  the  fundamental  mode  Rg  wave  comprises  the 
seismograms.  With  topography,  however,  significant  energy  gets  efficiently  scattered 
into  the  Rg  wave  from  the  crustal  multiples.  This  produces  a  nearly  monochromatic 
wavetrain  with  time  that  has  the  appearance  of  a  well  dispersed  Rayleigh  wavetrain. 
Figure  7  shows  the  variation  of  these  scattered  waves  with  topography  amplitude,  b. 
Figure  8  shows  that  only  a  narrow  frequency  band  is  affected  in  the  seismogram  spectra. 
At  closer  ranges  scattering  seems  to  be  roughly  proportional  to  topographic  amplitude. 
At  larger  ranges,  scattering  is  saturated  for  the  amplitudes  considered.  Figure  9  shows  the 
effect  of  changing  source  depth.  Fundamental  mode  Rg  decreases  as  expected  as  source 
depth  increases.  Scattered  Rg  remains  roughly  constant.  This  effect  is  also  topography 
wavelength  dependent  as  shown  in  Figure  10.  Scattered  waves  are  higher  frequency  for 
shorter  wavelength  topography,  which  may  be  intuitively  expected. 

Conclusions  and  Recomnngiidations 


The  SH  line  source  results  show  that  topographic  scattering  serves  to  attenuate  the 
Lg  wavetrain  by  scattering  energy  out  of  higher  order  multiples  in  the  crust  into 
teleseismic  waves.  This  serves  to  cause  a  coda  attenuation  but  with  little  effect  on 
maximum  amplitudes.  Sn  is  not  affected  by  scattering  from  a  sinusoidal  Moho  boundary. 

The  P-SV  system  behaves  differently  as  shown  by  the  isotropic  line  source 
results.  Energy  from  the  higher  order  multiples  and  conversions  gets  pumped  into  a  long 
duration  Rg  wavetrain.  Conversion  of  P  and  SV  waves  in  Rg  is  an  efficient  process  in 
the  regional  wavetrain. 

Topographic  scattering  in  3D  is  undoubtedly  more  complicated  resulting  in 
coupling  between  the  SH  and  P-SV  systems.  Thus,  there  will  be  competition  between 
these  two  mechanisms  in  scattering  energy  into  and  out  of  the  regional  wavetrain. 
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Figure  1.  Geometry  and  parameters  for  the  line  source  problem.  Both  the  Figure  2.  Comparison  ol  Uic  temporal  decay  rates  of  the  l,g  wavctiain  as 
Moho  and  free  surface  are  allowed  to  have  a  sinusoidal  undulation  with  the  surface  roughness  increases.  Receiver  distance  is  5(X)  km  and  1^=4.^ 

the  same  amplitude  and  peritxl  for  the  SH  line  source  problem.  Only  a  km.  The  time  function  is  a  Gaussian  derivative,  with  peak  icsixmse  at  0  3 

sinusoidal  free  surface  is  considered  for  the  P-SV  problem.  Hz.  Note  how  the  wavetrain  decays  more  rapidly  as  "b"  increases. 
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amplitudes  of  the  crustal  multiples  prixlucing  the  Sn  phases;  imie  ihe 
approximately  WH,  amplitude  rcdiicliou  in  3Sn  lor  these  models.  Also, 
notice  that  the  sinusoidal  Mohodocs  not  lediicc  Ihe  amplitude  ol  Sii. 


69 


Figure  5.  Vertical  and  radial  compcincnl  record  section  lor  a  Hat  free  Figure  6.  Vertical  and  radial  component  iccoid  .section,  ploticd  in  icduccd 

surface  nnxlel,  isotropic  source  depth  at  10  km.  Peak  respon.se  of  the  time  time,  fora  mixlcl  with  L=41  km  and  b=().5  Km  and  a  .souice  depth  ol  10 

1  unction  IS  0 32  H/.  Note  the  Pn  arrival  (and  its  depth  phase  pPn),  direct  km.  Note  the  large-amplitude,  momxihromatic  scattered  Ra> Icigli  w u\ cs 

P,  PmP  and  Rg.  Arrivals  after  PmP  are  crustal  P-S  and  S-P  converted  (period  of  ab<mt  8  sec).  Compaie  to  Figure  5. 

revcrbciations. 
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OBJECTIVE 


The  French  LDG  (Laboratoire  de  Geophysique)  has  been  installing  and 
operating  an  experimental  mini-array  in  Central  France  (GIAT)  for  seismic 
Verification  and  Monitoring  purposes,  since  March,  1993.  The  objective  of  the 
work  presented  here  was  to  adapt  and  use  the  software  developed  at  Norsar,  in 
order  to  assess  the  detection  capabilities  of  the  GIAT  array,  both  for  regional  and 
teleseismic  events. 


RESEARCH  ACCOMPLISHED 


Data  acquisition  and  processing: 

The  French  GIAT  mini-array  presently  consists  of  9  vertical  seismometers, 
and  one  3-components  station.  It's  size  is  about  3  kilometres  (figure  1).  The  data 
are  digitised  at  a  rate  of  50  samples  a  second,  and  are  stored  locally  on  a  personal 
computer  in  files  containing  each  about  17  mn  of  data.  Once  a  file  is  completed,  it 
is  sent  to  the  distant  processing  centre  via  phone,  where  it  is  automatically 
written  to  a  Norsar  tjqie  diskloop.  The  detection  software  recognises  the  arrival  of 
new  data,  computes  a  set  of  filtered  beams,  and  then  uses  a  classical  STA/LTA 
detector  on  each  beam. 

Detection  configuration: 

The  results  reported  here  were  obtained  over  a  57  day  period,  between 
May  5  and  June  30,  1993.  During  this  period,  a  set  of  83  beams  was  deployed,  at 
different  velocities  (for  regional  phases)  and  for  many  azimuths.  These  beams 
were  also  attached  to  diffei’ent  sub-arrays,  which  were  empirically  and 
qualitatively  determined  according  to  the  frequency  content  and  correlation 
characteristics  of  the  different  wave  types  and  the  background  noise  (Kvaerna, 


72 


1989).  STALTA  thresholds  were  between  4.4  and  7.1  for  coherent  beams,  and 
between  3.6  and  4.4  for  incoherent  beams.  No  horizontal  beams  could  be  used, 
since  only  one  3  components  station  was  available. 

Detection  results: 

During  the  period  considered,  an  average  of  161  detections  was  observed 
each  day.  Deviations  from  this  mean  can  be  very  high  (figure  2),  due  to  transient 
noise  occurring  on  one  or  more  stations  (it's  origin  can  be  cultural, 
meteorological,  traffic,  etc.).  The  smallest  numbers  of  detections  are  sometimes 
observed  on  Saturdays  or  Sundays,  but  this  is  not  always  true. 

As  a  reference  for  estimating  detection  capabilities,  we  used  the  LDG 
regional  and  teleseismic  bulletins,  which  are  obtained  from  the  whole  LDG 
network  (about  40  stations  covering  France),  and  which  are  available  and 
distributed  once  a  week. 

Only  events  for  which  both  a  location  and  a  magnitude  were  reported  in 
these  bulletins  were  used  for  the  comparisons.  Thus,  184  regional  events  and  186 
teleseismic  events  were  selected,  i.e.  an  average  of  about  3  regional  events  and  3 
teleseismic  events  every  day. 

An  event  was  declared  to  be  detected  by  the  mini-array  if  at  least  one 
phase  was  detected  by  at  least  one  beam.  Note  that  this  does  NOT  mean  that 
such  an  event  could  be  located  or  identified  automatically  by  the  mini-array. 

Results  indicate  that  less  than  5  %  of  all  detections  can  be  associated  with 
natural  seismic  events.  Another  5  to  10  %  can  be  attributed  to  artificial  sources 
such  as  quarry  or  rock  blasts.  In  fact,  from  Mondays  to  Fridays,  the  mini-array 
detected  an  average  of  5  quarry-blasts  per  day  during  w'orking  hours.  Thus, 
nearly  90  %  of  all  detections  were  never  attributed  to  a  known  seismic  source. 

Detectability  of  regional  events: 

Figures  3  and  4  display  the  preliminary  results  obtained  for  regional 
events.  It  can  be  concluded  from  these  figures  that  the  75%  confidence  threshold 
for  detection  is  about  Ml  =  3.4  (Ml  is  the  LDG  local  magnitude). 

This  value  is  about  0.7  magnitude  units  higher  than  the  value  obtained  for 
the  whole  LDG  network,  which  can  be  estimated  as  Ml  =  2.7  (LDG  local 
magnitude),  for  distances  up  to  6  to  8  degrees. 

It  is  instructive  to  compare  this  threshold  with  those  reported  for  the 
fennoscandian  arrays  (Mykkeltveit  et  al.  1990;  Uski,  1990),  which  are  close  to  Ml 
=  2.3  to  2.7  (where  Ml  is  the  local  magnitude  computed  for  Norway)  at  the  90% 
confidence  level. 

Thus,  the  difference  between  the  detection  capabilities  at  both  sites  is 
presently  close  to  one  unit  of  local  magnitude.  This  is  apparently  due  to  the 
different  calibrations  used  for  these  local  magnitudes,  which  should  be  further 
investigated  in  the  future.  Also,  there  is  about  a  factor  two  difference  in  Lg  wave 
attenuation  coefficients  between  Norway  and  France  (Alsaker  et  al.  1991;  Plantet 
et  al.  1991). 

Detectability  for  teleseismic  events: 
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Figures  5  and  6  display  the  results  obtained  for  the  detectability  of 
teleseismic  events.  The  75%  confidence  threshold  can  presently  be  estimated  at 
mb  =  4.9,  which  is  close  to  the  whole  LDG  network  threshold,  though  the  LDG 
bulletin  can  probably  no  longer  be  used  as  a  reference  in  the  teleseismic  case. 
Anyway,  only  one  event. with  a  magnitude  above  5.4  was  missed. 

These  results  are  close  to  those  reported  for  GERESS  (Gestermann  et  al. 

1991). 

Regional  phase  identification: 

Regional  phases  observed  in  central  France  are  mainly  Pn,  Pg,  Sg  and  Lg, 
while  Sn  is  rarely  detected.  For  Fennoscandian  arrays,  Norsar  uses  both  phase 
velocity  (obtained  from  the  f-k  analysis)  and  polarisation  results  in  order  to 
identify  regional  phases.  However,  this  is  more  difiicult  for  GIAT,  since  only  one 
(very  noisy)  3  components  station  is  available.  So,  presently,  we  only  use 
velocities  for  identifying  regional  phases. 

An  analysis  of  38  such  phases,  carefully  checked  by  the  analyst,  led  to  the 
following  preliminary  rules  (velocities  are  given  in  km/sec): 

if  VEL  <3.1  then  phase  is  Noise 
else:  if  VEL  <5.8  then  phase  is  S 

if  VEL  >3.1  and  VEL  <  4.2  then  phase  is  Lg 
if  VEL  >  4.2  and  VEL  <  5.8  then  phase  is  Sn 
else:  if  VEL  >  5.8  then  phase  is  P 

if  VEL  >  5.8  and  VEL  <  7.4  then  phase  is  Pg 
if  VEL  >  7.4  and  VEL  <  10.5  then  phase  is  Pn 
else:  if  VEL  >  10.5  then  phase  is  teleseismic 

The  main  ambiguity  which  may  appear  is  for  Sg-Lg  versus  Sn 
discrimination,  for  velocities  between  4.2  and  5.2.  More  experience  is  now  needed 
before  evaluating  the  performances  of  these  phase  identification  rules. 


CONCLUSIONS  AND  RECOMMENDATIONS 


Despite  the  fact  that  the  GIAT  mini-array  consists  of  only  10  stations, 
detection  results  for  both  regional  and  teleseismic  events  are  encouraging:  the  75 
%  confidence  threshold  is  ML=3.4  for  regional  and  mb=4.9  for  teleseismic  events. 

Such  figures  could  only  be  obtained  due  to  the  high  false  detection  rate 
(nearly  90%)  that  was  allowed.  It  is  expected  that  these  false  detections  will  be 
eliminated  during  the  phase  association  procedure  included  in  the  RONAPP 
software,  and  that  no  or  little  spurious  events  will  be  found  in  the  final  automatic 
bulletin. 

We  are  presently  trying  to  further  reduce  the  STA/LTA  thresholds,  to 
ameliorate  the  spike  elimination  algorithm,  and  to  increase  the  total  number  of 
beams.  We  plan  to  run  with  an  average  of  perhaps  400  detections  a  day,  among 


7^1 


which  less  than  5%  would  be  associated  with  real  seismic  events.  We  hope  that 
this  will  further  reduce  the  detection  thresholds  by  about  0.2  to  0.3  magnitude 
units.  However,  it  is  not  yet  sure  weather  regional  events  with  such  low 
magnitudes  (say  3.1  local  LDG  magnitude)  could  be  automatically  located,  since 
for  that  purpose  at  least  two  phases  must  be  detected. 

A  longer  period  of  observation,  and  comparisons  with  other  reference 
bulletins  (for  teleseismic  events)  should  confirm  these  results. 

Of  course,  adding  more  stations,  especially  3-component  stations,  would 
also  improve  the  results. 

The  next  step  is  now  to  investigate  in  more  details  the  phase  identification 
and  location  capabilities  of  the  GIAT  mini-array.  This  will  be  done  using  both  the 
classical  RONAPP  algorithm  provided  by  Norsar,  and  a  novel  approach  for  phase 
picking  and  classification  based  on  coherency  analysis  and  neural  networks 
(Cansi  et  al.,  1993). 

Finally,  before  distributing  automatic  bulletins,  it  will  be  necessary  to 
address  the  important  issue  of  discriminating  between  quarry  blasts  and  natural 
seismic  events. 
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FIGURE  1.  Location  and  geometry  of  the  French  GIAT  mini- array  in  central 
France.  The  array  consists  of  9  vertical  seismometers,  and  one  "central"  3- 
components  station  (GM5).  GMo  is  located  at  45®44  N  and  2“01  E. 
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FIGURE  2.  Number  of  detections  per  day  at  GIAT,  from  May  5  to  June  30,  1993, 
deploying  a  set  of  83  beams.  Mean  is  161.  Deviations  from  the  mean  by  more 
than  a  factor  2  are  not  rare.  The  effect  of  weekends  does  not  appear  clearly. 
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FIGURE  3.  Regional  event  detectability  at  GIAT.  The  Y-axis  displays  the 
cumulated  number  of  detected  events,  Tvhose  local  LDG  magnitude  is  higher  than 
the  value  specified  on  the  X-axis.  Reference  is  the  LDG  regional  bulletin. 


5.4  ^ 

1  ' 

i- 

2  DETECTED 

z 

- 

<  NOT  DETECTED 

CO 

> 

CO 

a 

Cu 

4 . 4  r- 

f 

o 

CO 

a 

Q 

- 

D 

Eh 

1 

H 

2 

3-4  - 

eg  z  z 

n 

O 

J  c 

< 

□ 

2 

c  «a 

O 

Q 

O  !•(  C  ' 

U*  ;<(  □  <  K 

r 

•2  nx 

a  2  xx  '*  ■< 

2.4  i- 

«acKie«e«  xm 

2‘CcmKX0  x-x  < 

U 

□  Koex  xmtm 

20  2  ®  X  MXX  W 

!x  □  X  xxex  « 

2  X 

o 

Max  X 

,0 

- 

oo 

L 

1.4  ^ 

<  K 

1 

4 

1 


•<  j 


t 


i 


0  2  4  6  8  10  12  14 

DISTANCE  TO  MINI-ARRAY  (degrees) 

FIGURE  4.  Regional  event  detectability  at  GIAT.  Reference  is  the  LDG  regional 
bulletin.  The  75%  confidence  threshold  for  detection  is  3.4.  Up  to  a  distance  of  8 
degrees,  no  event  with  local  magnitude  greater  than  3.2  was  missed. 
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FIGURE  5.  Teleseismic  event  decectability  at  GIAT.  The  Y-axis  displays  the 
cximulated  number  of  detected  events,  whose  body  wave  magmtude  mb  is  higher 
than  the  value  specified  on  the  X-axis.  Reference  is  the  LDG  teleseismic  bulletin. 
Theoretical  relation  is  linear  with  a  slope  equal  to  -1.  Deviation  from  linearity  is 
observed  for  an  mb  of  about  4.8  and  points  out  the  detection  threshold. 
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FIGURE  6.  Teleseismic  event  detectability  at  GIAT.  Reference  is  the  LDG 
teleseismic  bulletin.  The  75%  confidence  threshold  for  detection  is  4.9.  Up  to  a 
distance  of  60  degrees,  no  event  with  mb  greater  than  4.9  was  missed. 
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Objective 

Discrimination  of  small  seismic  events  in  an  area  of  sparse  station  coverage 
requires  knowledge  of  the  regional  wave  propagation  so  that  source  parameters  may  be 
usefully  estimated  from  the  waveform  data.  Event  location,  including  source  depth,  and 
focal  mechanism  may  be  estimated  from  single  station  data  with  synthetic  seismogram 
techniques  provided  wave  propagation  conforms  to  fairly  simple  plane-layered  structure 
models.  In  this  research  we  explore  a  regional  data  set  of  broad-band  seismograms 
recorded  at  the  IRIS  station  at  Garm,  Tadjikistan.  Our  objectives  include  first  using 
robust  properties  of  the  data  waveforms  to  infer  major  wave  propagation  effects  in  the 
crust  and  mantle  of  central  Asia.  Secondly,  we  use  arrival  times  and  relative  amplitudes 
of  observed  phases  to  infer  event  location  and  focal  mechanism.  Additional  constraint  on 
the  nature  of  the  crust  and  mantle  under  Garm  was  investigated  using  the  receiver 
function  technique. 

Research  Accomplished 

The  Garm  area  of  southern  Tadjikistan  (Figure  1)  has  been  the  locus  of 
geophysical  studies  in  the  Soviet  Union.  Structure  is  known  primarily  from  Soviet  Deep 
Seismic  Sounding  surveys  (DSS)  (Belyaevsky  et  al,  1973;  Alekseev  et  al,  1973; 
Khamrabayev,  1986;  Alekseev  et  al,  1988)  which  indicate  crustal  thickness  of 
approximately  70  km.  Aside  from  an  anomalously  thickened  crust,  crustal  P-wave 
velocities  are  typical  ranging  from  53  km/s  near  the  surface  to  about  6.9  km/s  above  the 
Moho.  Several  midcrust  reflectors  were  also  identified  in  these  surveys.  These  important 
parameters  of  the  crust  in  the  region  are  expected  to  play  a  major  role  in  defining  the 
character  of  wave  propagation  from  regional  events  around  Garm. 

In  an  attempt  to  verify  structure  from  these  past  studies,  we  performed  a  study  of 
teleseismic  receiver  functions  for  the  Garm  station.  Four  teleseismic  events  with  good 
signal-to-noisc  ratios  were  found  that  were  usable.  Other  events  were  found  in  the  IRIS 
data  archives  but  were  of  poor  quality  because  of  apparent  polarity  reversals  on 
horizontal  components  or  mis-identified  channels.  Receiver  functions  were  computed 
using  the  standard  technique  (Langston,  1979)  and  are  shown  in  Figure  2.  The  radial 
receiver  functions  show  very  large  secondary  phases  for  events  from  the  northeast.  An 
event  from  the  southeast  shows  few  secondary  phases.  Tangential  motions  are  also  large 
and  complex  for  all  backazimuths.  Such  data  suggest  immediately  that  structure  under 
Garm  is  heavily  influenced  b>  large  velocity  contrasts,  lateral  heterogeneity  and  possible 
topographic  scattering  of  teleseismic  body  waves. 

Topography  is  extreme  in  the  area,  so  a  study  of  topographic  scattering  was 
performed  to  test  the  assertion  that  the  large  secondary  phase  seen  in  the  northeast 
azimuth  data  is  due  to  P-to-Rg  conversion.  Particle  motions  for  this  phase  seen  in  the  raw 
data  from  an  impulsive  event  show  elliptical  particle  motions  suggestive  of  Rayleigh 
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wave  propagation.  However,  the  ellipticitv  is  dominated  by  horizontal  motions  which  is 
more  suggestive  of  comple.x  P-to-SV  conversion.  The  T-matix  method  was  used  to 
compute  the  effect  of  plane  wave  scattering  from  a  simple  2D  shape  that  was  an 
approximation  to  the  immediate  topography  around  Garm.  Resulting  P-to-Rg 
conversions  were  not  large  enough  to  explain  the  data  nor  the  near- horizontal  ellipticitv. 
Thus,  these  large  secondary  phases  have  a  complex  genesis  through  P-wave  interaction 
with  extreme  lateral  heterogeneity. 

Figure  3  is  a  warning  to  those  who  believe  in  ID  inversion  results  based  on  good 
waveform  fits.  ID  structure  was  found  using  the  technique  of  Ammon  et  al  ( 1990)  on  the 
receiver  function  of  the  7/05/91  event.  The  synthetic  fit  is  remarkably  good  but  the 
resulting  ID  velocity  model  shows  geophysically  absurd  velocity  constrasts  and 
magnitudes  throughout  the  crust  and  upper  mantle.  This  result,  combined  with  the 
obvious  azimuthaF  changes  seen  in  the  data  of  Figure  2  suggest  the  effects  of  lateral 
heterogeneity  and  wave  scattering  from  3D  structure  in  the  lithosphere  around  Garm.  We 
were  unable  to  verify  structures  found  in  DSS  studies  or  determine  much  information 
important  to  regional  wave  propagation. 

Although  our  experience  with  near-vertical  wave  propagation  near  Garm  was 
inconclusive,  the  regional  waveform  data  from  three  intermediate  depth  earthquakes  in 
the  Hindu  Kush  indicates  that  much  can  be  learned  about  first-order  wave  propagation 
effects  from  near-horizontally  propagating  waves.  Figure  4  shows  the  PDE  locations  of 
the  three  events  studied  here.  Body  wave  magnitudes  ranged  from  4.7  to  5. 1.  We  discuss 
results  from  the  largest  event  here.  Although  intermediate  depth  events  have  little  use  in 
the  discrimination  problem  because  of  their  great  depth,  the  apparent  simplicity  of  the 
waveform  data,  compared  to  shallow  crustal  events,  was  thought  to  offer  the  greatest 
chance  for  understanding  the  nuances  of  regional  wave  propagation  in  an  unknown  area. 

The  goal  of  studying  these  events  at  a  single  station  was  to  use  major  phases  to 
locate  and  then  to  determine  focal  mechanisms.  If  these  relatively  simple  data  can  be 
used  successfully,  then  it  may  be  possible  to  do  similar  studies  with  shallow  events. 
Figure  5  shows  rotated  raw  and  filtered  waveform  data  from  the  magnitude  5.1  4/16/91 
earthquake.  Because  of  subcrustal  depth,  surface  waves  are  not  obvious  in  the  data  and 
the  primary  body  waves  dominate  the  waveforms.  P  and  S  are  clear  phases  and  the  P 
wave  was  used  to  determine  event  backazimuth  using  horizontal  particle  motion. 

The  most  interesting  aspect  of  these  data  is  the  large  arrival  before  direct  SV 
denoted  by  SsPxp  on  Figure  5.  Clearly,  particle  motion  is  of  the  P  type  and  is  quite  large 
compared  to  direct  S  V.  This  phase  has  been  seen  in  other  regional  data  from  intermediate 
depth  earthquakes  (Langston  and  Clouser,  1992)  and  is  due  to  conversion  of  direct  SV  at 
the  free  surface  to  P  which  then  reflects  from  a  crustal  interf'>ce.  The  "x"  denotes  the 
unknown  crustal  reflector  depth.  Because  the  amplitude  of  this  phase  is  sensitive  to 
whether  the  P  reflection  is  pre-  or  post-critical,  Ssl^p  can  be  used  as  another  phase  in 
earthquake  location.  This  event  was  located  by  assuming  the  DSS  crustal  structure  and 
computing  S-P  and  S-SsPxp  arrival  times  for  various  source  distances  and  depths.  Figure 
6a  shows  the  travel  time  curves  for  a  source  depth  of  1 10  km,  the  final  inferred  depth. 
Synthetic  seismograms  (Figure  8)  show  that  the  only  major  phase  of  this  type  is  SsPmp, 
the  Moho  reflection.  Reflections  from  midcrust  have  very  small  amplitudes  since  the  ray 
parameter  is  usually  precritical  for  crustal  velocities.  The  moveout  of  SsPmp  with  source 
depth  and  distance  allows  its  use  in  location.  The  precision  of  the  location,  assuming  the 
DSS  model  and  a  + 1  s  time  reading  error  for  the  phase  picks,  is  1 10  +  5  km  in  depth  and 
320  +  2  km  in  distance.  Assuming  only  a  50  km  thick  crust  changes  the  location  by  10 
km.  Our  location  is  within  16  km  for  depth  and  24  km  in  distance  from  the  PDE  location. 
It  is  well  known  that  PDE  locations  have  typical  errors  of  50  km  for  small  events  in 
remote  areas  of  sparse  station  coverage. 

Relative  amplitudes  of  S,  P  and  SsPmp  were  then  used  to  model  the  possible 
source  mechanism  through  a  grid  search  procedure.  The  result  is  shown  in  Figure  6b  and 
is  remarkably  well  constrained.  Comparisons  of  synthetics  and  data  waveforms  are 
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shown  in  Figure  7.  Synthetic  seismograms  were  constructed  using  a  robust  wavenumber 
integration  code  for  plane  layered  media  for  the  entire  wave  field.  Note  that  the 
synthetics  are  very'  simple  and  show  little  of  character  of  the  coda  behind  P  and  S.  We 
found  that  the  coda  presented  major  problems  with  modeling  individual  phases 
particularly  when  the  P  or  S  phase  was  comparable  in  size  to  later  arriving  coda  waves. 
We  appeal  to  the  standard  model  that  most  coda  is  set  up  by  incident  S  and  consists  of 
backscattered  S  waves  scattered  from  3D  heterogeneity  in  the  regional  lithosphere.  If 
scattering  is  severe,  then  direct  arrivals  are  degraded  by  superimposed  coda  waves. 
Degradation  becomes  a  significant  problem  for  ideal  synthetic  seismogram  models  when 
the  direct  waves  on  a  particular  ground  motion  component  are  small.  Coda  is  presumably 
at  a  constant  level  for  any  component. 

Conclnsions  and  Recommendations 


Teleseismic  receiver  function  analysis  of  the  IRIS  station  at  Garm  shows  that 
near-vertical  P-wave  propagation  is  dominated  by  severe  scattering  effects  of  3D 
geologic  structure  and,  possibly,  topography.  The  data  show  large  secondary  phases  in 
radial  components  which  vary  azimuthally  and  large  tangential  motions.  Previously 
determined  DSS  profile  results  could  not  be  substantiated  with  the  receiver  function  data. 
ID  inversion  models  were  geophysically  unreasonable  even  though  waveform  fits  were 
quite  good. 

The  SsPmp  phase  is  a  new  regional  phase  which  can  be  used  in  conjunction  with 
S  and  P  to  locate  intermediate  depth  events  provided  the  crustal  model  is  known.  This 
new  phase  is  large  and  can  arrive  before  or  after  the  direct  S  wave.  Its  large  amplitude  is 
due  to  both  efficient  S-to-P  conversion  at  the  free  surface  and  post-critical  P  reflection 
from  the  Moho. 

Three  regional  events  recorded  at  the  Gann  station  were  modeled  to  determine 
location  and  mechanism.  Results  for  two  events  were  quite  good  but  a  third  event  was 
indeterminant  because  of  small  S  arrivals  compared  to  coda.  S  wave  coda  from 
heterogeneity  degrades  interpretations  using  synthetic  seismograms  and  is  a  major 
limiting  factor  in  waveform  modeling. 
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Objective 

VVe  are  adapting  the  seismic  tomographic  techniques  developed  in  global  scale  studies  to 
the  regional  scale  problem  of  mapping  the  elastic  and  anelastic  material  properties  beneath 
Eurasia.  The  abundance  of  earthquake  sources  and  seismic  stations  in  the  northern  hemi¬ 
sphere  provides  a  dense  ray  coverage  across  Eurasia,  making  it  possible  to  achieve  greater 
resolution  in  this  part  of  the  world  than  is  currently  possible  in  globed  structure  inversions 
of  uniform  resolution.  The  maximum  angular  degree  i  in  the  spherical  harmonic  expansion 
of  lateral  structure  is  12  for  our  new  preferred  P  and  S  global  models.  The  objective  for 
the  research  presented  here  is  a  tomographic  seismic  velocity  model  for  structure  beneath 
Eurasia  with  a  horizontal  resolution  co.Tesponding  to  at  least  /  =  20  consistent  with  the 
widest  possible  range  of  seismological  observations. 

In  this  paper  we  present  the  results  from  the  first  year  of  effort  on  our  two  year  project. 

Research  Accomplished 

Our  work  on  the  seismic  structure  beneath  Eurasia  builds  on  the  methods  developed  and 
experiences  gained  over  more  than  a  decade  of  research  into  the  large  scale  seismic  structure 
of  the  whole  Ecirth.  We  are  collecting  new  data  and  developing  new  methods  to  be  able 
to  achieve  improved  resolution  of  the  structure  beneath  Eurasia,  while  at  the  same  time 
satisfying  global  observations  with  structure  with  less  detailed  resolution.  In  practice,  we 
can  then  use  data  from  sources  and  seismic  stations  both  inside  and  outside  the  region 
of  immediate  interest,  while  making  propagation  corrections  for  both  regional  and  global 
structure.  With  this  approach,  progress  is  incremental  in  that  each  new  model,  with  higher 
resolution,  builds  on  a  previous  model.  We  have  derived  a  new  degree  12  S  and  a  preliminary 
P  model  which  will  form  the  starting  models  for  the  planned  degree  20  models  for  Eurasia. 
Our  model  inversions  include  several  large  datasets:  travel  times  from  the  ISC  bulletin,  differ¬ 
ential  travel  times  (SS-S,  ScS-S,  etc.)  and  absolute  travel  times  (S,  SS,  SSS,  etc.)  measured 
from  waveform  correlation,  complete  long-period  (T  >  32  s)  body  wave  seismograms,  and 
long-period  (T  >  135  s)  mantle  wave  seismograms.  A  large  effort  has  been  devoted  to  build¬ 
ing  and  reorganizing  these  datasets  in  preparation  for  malysis  and  inversion.  The  waveform 
data  sets  are  the  most  crucial  for  constraining  the  shallower  structures  beneath  Eurasia, 
and  we  have  expanded  this  dataset,  making  extensive  use  of  data  from  the  IRIS/USGS  and 
IRIS/IDA  stations  in  the  former  USSR,  as  well  as  from  the  DARPA  funded  CDSN  sta¬ 
tions.  We  have  also  pre-processed  the  ISC  bulletin  data  from  1964  through  August  1930, 
cind  performed  preliminary  inversions  with  this  new  data  set. 
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In  order  to  better  constrain  the  vertical  resolution  of  crustal  and  upper  mantle  structure  we 
are  developing  zunew  set  of  fundamental  mode  dispersion  observations  in  the  period  range 
•50-200  seconds,  as  well  as  methods  to  interpret  these  observation. 

Degree  12  S  ^nodel  -  Derivation  of  Sl2/ WM13  (Su,  Woodward  and  Dziewonski,  1993)  -  a 
degree- 12  model  of  shear  velocity  anomalies  in  the  mantle-  is  an  intermediate  step  between  a 
decade  old  degree-6  and  -S  representations  (Dzie\vonski,  1984;  Woodhouse  and  Dziewonski, 
1984)  and,  what  we  believe  to  be  a  realistic  goal,  a  degree-20  model.  Because  of  the  higher 
density  of  the  stations  and  sources,  we  expect  that  this  resolution  can  be  fully  achieved 
in  Eurasia.  An  even  more  detailed  (degree-36)  model  of  the  uppermost  300  km,  or  so, 
of  the  upper  mantle,  based  on  surface  wave  dispersion  measurements,  have  been  proposed 
(Zhang  and  Tanimoto,  1992;  Anderson  et  ad.,  1992),  but  it  shows  serious  discrepancies  with 
observations  (Su  et  al.,  1992)  and  must  undergo  further  evaluation.  Our  objective  is  to  map 
anomalies  at  all  depth  in  the  mantle.  The  experience  so  fau:  shows  that  there  is  no  natural 
cut-off  depth  below  which  the  structure  cam  be  assumed  to  be  uniform. 

Model  S12  is  based  on  a  very  large  set  of  data  -  all  of  which  were  derived  from  digitally 
recorded  waveforms.  The  data  set  consists  of  roughly  25,000  low-paiss  filtered  waveforms 
spanning  a  period  range  from  45  to  about  500  seconds.  Some  10,000  differential  travel  times 
(SS-S  and  ScS-S  of  Woodward  and  Masters,  1991a,  b)  and  absolute  times  (SS  and  S;  Su  and 
Dziewonski,  1991)  provide  important  constraints  on  the  structure  neair  the  surface  as  well  as 
near  the  core-mantle  boundary.  An  important  element  in  achieving  the  higher  resolution  has 
been  the  addition  in  the  mid-80’s  of  new  seismographic  networks  such  as  the  CDSN,  French 
GEOSCOPE,  and  the  improvement  of  some  existing  stations  due  to  the  joint  effort  of  IRIS 
and  USGS. 

In  addition  to  showing  good  correlation  with  shallow  geologic  and  tectonic  structures  (Figure 
1),  model  S12  reveals  new  features  at  all  levels  in  the  mantle.  Of  particular  interest  are:  1) 
the  details  of  low  velocity  anomadies  in  the  oceanic  mid-upper  mantle  which  may  be  indicative 
of  the  influx  of  hot  material  from  the  lower  mantle;  2)  resolution  of  smaller  scale  structure 
in  the  transition  zone  at  the  eastern  edge  of  Eurasia;  3)  the  change  in  the  character  of  the 
spectrum  of  the  heterogeneity  across  the  670  km  discontinuity;  4)  another,  rather  sudden, 
change  in  the  spectrum  at  a  depth  of  about  1700  km.  The  last  two  features  seem  to  be 
consistent  with  the  predictions  of  3-D  mantle  convection  modeling  by  Tackley  et  al.  (1993). 

Degree  12  P  model  -  With  the  improvement  in  representation  of  the  shear  velocity  anoma¬ 
lies,  it  became  desirable  to  tcike  another  look  at  the  P  velocities.  The  traditional  source  of 
data  is  the  ISC  Bulletin,  although  Woodward  and  Masters  (1991)  report  differential  PP-P 
travel  times  measured  from  digitally  recorded  waveforms.  This  is  our  fourth  attempt  at 
extracting  information  from  this  data  source.  The  first  study  (Dziewonski,  1975;  Dziewonski 
ei  al.,  1977)  showed  the  existence  of  velocity  anomalies  in  the  lower  mantle  with  very  large 
spatial  dimensions.  The  second  (Dziewonski,  1984),  provided  maps  of  the  lower  mantle  that 
conceptually  remain  valid  today.  In  the  third  we  have  shown  that  the  inner  core  may  be 
anisotropic  (Morelli  et  al.,  1986)  and  provided  the  first  global  maps  of  the  CMB  topography 
(Morelli  and  Dziewonski,  1987).  In  the  preliminary  stages  of  the  current  work  we  use  our 
knowledge  of  the  S-velocity  patterns  to  fill  in  the  gaps  in  the  very  uneven  sampling  of  the 
upper  mantle  by  the  P-wave  data. 

It  has  been  known  for  some  time  that  the  P-  and  S-velocity  anomalies  axe  correlated  (Doyle 
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and  Hales,  1967:  Souriau  and  Woodhouse,  1985;  Woodward  and  Masters,  1991).  We  assume 
that  t>3  raticj  diA^/i's  and  6vpfvp  are  proportional;  a  proportionality  factor  of  1.85  seems 
to  be  consistent  with  most  of  the  data. 

In  the  first  stage  we  relocate  some  23,000  shallow  earthquakes,  using  corrections  for  lateral 
heterogeneity  predicted  by  the  scaled  S12  model.  The  average  relocation  vectors  in  5°  spher¬ 
ical  caps  are  shown  for  Eurasia  in  Figure  1.  There  is  an  important  trade-off  between  the 
lateral  heterogeneity  and  earthquake  location,  so  the  studies  in  which  this  effect  was  not 
considered  are  likely  to  provide  biased  results.  We  then  project  some  2.500,000  travel  time 
residuals  into  about  90,000  summairy  residues  (Dziewonski,  1984)  which  then  are  used  as 
the  data  in  inversion.  In  addition  to  the  P  travel  time  residuals  we  use  also  PKIKP  and 
PKP  (AB  and  BC  branch)  data,  which  provide  additionad  coverage  of  the  lowermost  mamtle. 
To  control  the  upper  mantle  structure,  we  use  the  9,000  mantle  wave  waveforms,  maintaining 
our  assumption  of  the  proportionadity  of  the  relative  P-  and  S-velocity  perturbations.  The 
resulting  model  shows  that  in  the  lower  maintle  there  is  good  overall  correlation  between  the 
PT2  aind  S12  models  (in  the  upper  maintle  this  relationship  is  largely  a  forced  one)  It  is 
not  clear  yet  whether  the  dissimilarities  aire  demanded  by  tne  data  or  are  an  artifact  of  the 
different  coverage  by  the  P-  and  S-wave  ray  sampling. 

This  will  be  investigated  in  the  next  stage  where  am  inversion  will  be  performed  simultane¬ 
ously  for  P-  and  S- velocities  using  the  full  data  set  developed  in  the  context  of  the  S12  study, 
P  and  PKP  data  obtained  here  as  well  as  other  data  extracted  from  the  ISC  Bulletins  (PeP, 
S,  ScS,  PP,  SS  and  possibly  others).  We  expect  that  we  shall  attempt  to  establish  a  penadty 
function  for  departures  from  the  proportionality  assumption,  to  minimize  the  differences 
resulting  from  the  sampling  biais. 

The  fact  that  P12  model  can  provide  substantial  variance  reduction  is  illustrated  in  Figure  2 
in  which  the  ‘observed’  summeiry  residuals  for  a  summary  source  on  the  coast  of  Kamchatka 
are  compared  with  those  predicted  by  the  model.  There  is  a  satisfactory  overall  similarity 
in  the  pattern.  The  size  of  the  residuals  is  quite  substantial. 

Dispersion  measurements  -  We  have  developed  a  matched  filter  technique  for  measuring 
the  amplitude  and  phase  of  fundamental  mode  surface  waves.  The  model  dispersed  sur¬ 
face  wave  a(u;)  exp[i$(u;)]  is  calculated  for  an  initial  Earth  model  (in  our  case  PREM  plus 
SH8WM13),  and  a  non-linear  minimization  is  made  for  incremental  perturbations  to  both 
a(u>)  and  $(u;).  Both  a{u)  and  $(0;)  are  represented  by  smooth  fimctions  parameterized  by 
cubic  B-splines.  A  misfit  function,  based  on  the  windowed  and  weighted  difference  between 
the  autocorrelation  of  the  dispersed  model  pulse  and  the  cross-correlation  of  the  observed 
and  model  pulses  has  been  foimd  to  be  very  suitable  for  rapid  and  robust  convergence.  Using 
CMT  solutions  for  1992  and  data  from  the  Global  Seismic  Network  we  have  been  able  to 
collect  more  than  5000  good  quality  i2l  dispersion  and  amplitude  measurements. 

Initially  we  are  focusing  on  the  period  range  50-200  seconds.  The  amplitude  measurements, 
which  are  collected  at  the  same  time  as  the  phase  observations,  can  be  interpreted  in  terms  of 
polarization.  Amplitude  and  polarization  measurements  will  be  important  when  in  the  next 
phase  of  this  work  we  will  attempt  to  separate  elastic  focusing  from  the  amplitude  effects 
due  to  intrinsic  attenuation. 

Higher  order  effects  of  local  structure  on  surface  waves  -  The  phase  anomaly  mea¬ 
surements  will  be  combined  with  existing  travel  time  and  waveform  data  in  an  inversion 
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for  elastic  lateral  heterogeneity  up  to  degree  20.  The  amplitude  anomalies  will  be  used  in 
an  attempt  to  resolve  large  scale  lateral  variations  in  attenuation.  To  do  this,  we  need  to 
correct  the  amplitude  anomalies  for  the  effects  of  focusing  and  defocusing,  changes  in  the 
takeoff  angle  emd  arrival  eizimuth,  and  local  structure  at  the  source  and  receiver.  Synthetic 
seismograms  are  constructed  based  upon  the  JWKB  appro.ximation.  In  this  approximation 
we  trace  surface  wave  trajectories  and  calculate  amplitude  variations  due  to  focusing  and 
defocusing  along  such  trajectories.  At  the  source  we  excite  the  appropriate  local  mode  based 
upon  the  local  radial  structure  and  takeoff  angle.  Similarly,  at  the  receiver  we  observe  the 
same  mode  based  upon  the  local  radial  structure  and  airrival  azimuth.  -A.s  shown  in  Figure 
3,  perturbations  in  the  excitation  amplitude  relative  to  that  in  PREM  are  often  as  large  as 
20%  and  therefore  play  a  significcint  role  in  explaining  observed  amplitude  anomalies. 

Conclusions  and  Recommendations 

By  combining  a  large  number  of  diverse  seismological  observations,  we  are  making  progress 
towards  higher  resolutions  tomographic  images  of  the  regional  scale  elastic  and  anelastic 
structure  beneath  Eurasia.  The  models  are  constructed  in  such  a  way  that  globally  dis¬ 
tributed  observations  are  satisfied.  We  show  that  well-constrained  global  heterogeneities 
produce  significant  effects  on  the  teleseismic  locations  of  events  within  Eurasia. 
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Figure  1.  Background  shading  shows  shear  velocity  perturbations  at  100  km  depth  beneath 
Eurasia  as  imaged  in  the  model  S12/WM13.  The  thick  line  represents  the  zero  contour. 
The  contour  inverval  is  1%  and  faster  than  average  velocities  are  shown  by  darker  shading 
and  slower  velocities  are  shown  by  lighter  shading.  Superimposed  on  the  map  are  vectors 
representing  the  average  relocation  of  events  in  5®  caps  with  respect  to  ISC  locations  cifter 
locating  the  events  in  the  scaled  S12/WM13  model.  The  longest  arrow  corresponds  to  a 
horizontal  relocation  of  43  km. 
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Figure  2.  The  observed  summau-y  residuals  (top)  for  a  source  region  near  Kamchatka.  The 
negative  residuals  are  indicated  by  solid  inverted  triangles,  and  positive  ones  are  represent 
by  open  triangles  pointing  up.  The  predicted  residuals  (bottom),  based  on  our  new  P  model, 
shows  good  agreement  with  the  observations,  in  particular  in  the  longer  wavelength  pattern 
of  residuals.  In  Eurasia,  predicted  residuals  are  generally  smaller  than  observed  ones. 
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Figure  3.  Top:  Relative  phase  velocity  perturbation  6c/ c  for  140  s  Rayleigh  waves  along 
the  cross  section  shown  in  the  bottom  panel.  The  phase  velocity  perturbations  are  a  result 
of  mcintle  heterogeneity,  crustal  structure,  topography,  and  ellipticity.  Bottom:  Model  cross 
section  from  the  Arabian  Sea  over  India  through  the  Himalayas  to  China.  Shown  are  the 
surface,  ocean  floor  where  present,  sedimentary  basement  where  present,  middle  crust,  and 
Moho.  Where  available,  the  the  information  on  the  crust  was  extracted  from  the  Cornell 
Eurasian  database.  At  ten  selected  locations  the  relati/e  perturbation  in  excitation  ampli¬ 
tude,  for  a  particular  source  mechanism  and  takeoff  azimuth,  as  a.  function  of  depth  is  shown 
by  the  dashed  lines.  The  spacing  between  the  solid  vertical  lines  corresponds  to  a  100% 
change  in  the  excitation  amplitude  relative  to  PREM,  indicating  that  variations  of  20-30% 
are  not  uncommon. 
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OBJECTIVE 

Topography  and  variations  in  crustal  structure  along  seismic  propagation 
paths  and  at  the  source  and  receiver  sites  are  crucial  information  to  understand 
the  excitation  and  propagation  of  regional  seismic  phases  and  other  aspects  of  the 
problems  of  detection,  verification,  and  e.stimation  of  the  yield  of  nuclear  explo¬ 
sions.  Our  objective  is  to  collect  and  organize  available  topographical,  remote-sens¬ 
ing,  geological,  and  geophysical  datasets  for  Eurasia,  North  Africa,  and  the  Middle 
East  into  a  digital  information  system  that  can  be  accessed  by  display  programs 
running  at  the  Center  for  Seismic  Studies  (CSS)  and  by  other  ARPA  researchers. 
We  are  expanding  the  area  of  data  coverage  to  include  (I!hina,  the  Middle  East  and 
North  Africa  in  addition  to  continuing  our  work  in  Europe  and  Central  Asia.  We 
store  the  data  in  an  information  system  (GIS)  with  a  network-accessible  server  to 
which  can  connect  X  Window  System  client  modules  of  future  versions  of  the  Intel¬ 
ligent  Monitoring  System  (IMS)  running  at  CSS  and  other  ARPA  researchers.  The 
information  system  is  organized  to  extract  and  usefully  display  the  information 
most  relevant  to  verification  and  detection,  such  as  maps  and  profiles  of  crustal 
thickness  and  depth  to  basement.  The  work  includes  assembly  of  available  digital 
datasets  such  as  topography,  satellite  imagery,  and  crustal  reflection  and  refrac¬ 
tion  profiles  and  digitization  of  available  geological  and  geophysical  map  informa¬ 
tion  on  sedimentary  basins  and  crustal  thicknesses  and  other  details  of  crustal 
structure. 

RESEARCH  ACCOMPLISHED 

Work  in  progress  has  now  realized  useful  datasets  for  Eurasia,  including  a 
vast  digital  topographic  database  and  digitization  of  several  sets  of  crustal  seismic 
structure  maps,  at  scales  from  1:15,000,000  for  the  entire  continent  to  1:500,000  for 
selected  areas.  These  include  maps  of  crustal  thicknesses  (depth  to  Moho)  and  sed¬ 
imentary  basin  depths  (depth  to  seismic  or  “metamorphic”  basement).  We  have 
created  regularly  spaced  grids  of  the  crustal  and  sediment  thickness  values  from 
these  maps  that  can  be  used  to  create  profiles  of  crustal  structure.  These  profiles 
can  be  compared  with  the  crustal  seismic  phases  received  along  the  propagation 
path  to  better  understand  and  predict  the  path  effects  on  phase  amplitudes,  pre¬ 
dominant  frequencies,  and  delay  times,  which  are  keys  to  estimating  event  magni¬ 
tudes  and  yields.  The  gridded  data  could  also  be  used  to  model  propagation  of 
crustal  phases  in  three  dimensions. 
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We  are  utilizing  the  rapidly  accelerating  Internet  (formerly  AEPAnet)  network 
to  share  datasets  with  CSS  and  other  ARPA  researchers.  We  have  developed  a 
“server”  system  at  Cornell  to  allow  “client”  modules  of  the  IMS  to  directly  connect 
to  databases  that  we  are  generating  and  improving.  This  allows  IMS  users  to  uti¬ 
lize  data  as  soon  as  it  is  available.  Our  network  “raster  server”  program  that  allows 
“client”  programs,  such  as  the  “Xgbm”  program  (Davis  and  Henson,  1992;  1993)  to 
access  our  crustal  structure  datasets  over  the  Internet,  extracting  a  profile  along  a 
great  circle  path  and  then  using  the  structure  for  seismic  propagation  modeling. 
Datasets  are  also  available  via  the  time-honored  method  of  “anonymous  ftp”  from 
Cornell.  We  encourage  researchers  to  contact  us  about  gaining  access  to  our 
databases  at  the  computer  mail  addresses  listed  on  the  first  page  of  this  paper.  Due 
to  data  access  restrictions  imposed  by  the  DMA,  we  are  not  able  to  provide  network 
access  to  our  digital  topography  databases,  but  we  encourage  ARPA  and  Air  Force 
researchers  to  contact  us  about  access  to  processed  versions  of  the  topography  for 
use  in  their  seismic  research. 

We  continue  to  expand  our  database  of  digital  topography  for  Eurasia,  North 
Africa,  and  the  Middle  East.  We  have  processed  and  analyzed  a  huge  volume, 
nearly  15  gigabytes  (GB),  of  high-resolution  Digital  Terrain  Elevation  Data 
(DTED — Level  D'that  we  have  received  for  Asia,  Europe,  the  Middle  East  and 
North  Africa  (Figure  1).  Coverage  is  complete  for  Europe,  central  and  southern 
Asia,  and  most  of  the  Middle  East  and  North  Africa.  The  basic  processing  of  the 
raw  DTED  into  an  accessible  format  included  the  creation  of  mosaics  of  the  full 
resolution  data  for  each  5°  by  5°  block,  a  file  of  manageable  size  for  manipulation 
on  a  workstation  and  storage  on  optical  media. 


Figure  1:  Map  of  Eurasia,  the 
Middle  East  and  North  Africa 
showing  area  covered  by  our 
present  databases  of  digital  to¬ 
pography.  Coastlines  of  oceans, 
seas,  and  major  lakes  are  solid 
lines  and  country  borders  are 
dashed  lines.  Acquired  and  pro¬ 
cessed  DTED  cells  are  filled 
light  gray  and  outlined  with  a 
black  line.  Missing  and 
“unavailable"  cells  are  irregular 
white  holes.  Blocks  5®  by  5°  of 
DTED  are  outlined  with  dark 
gray  lines.  Map  is  an  azimuthal 
^uidistant  projection  centered 
in  north  central  Eurasia. 


All  of  our  topogra¬ 
phy,  including  both  the 
reduced  resolution  mo¬ 
saics  and  the  full  resolu¬ 
tion  topography  blocks, 
and  other  archived 
datasets  are  being  stored 
in  our  Epoch-1.  The  net- 
work-based  Epoch  file  server  includes  an  optical  disk  jukebox  system  with  a  library 
unit  that  contains  60  GB  of  “semi-online”  storage  and  unlimited  off-line  storage  of 


rewritable  optical  cartridges.  The  Epoch-1  provides  unattended  access,  usually 
within  less  than  a  minute  to  any  of  the  disks  in  the  library  unit.  Our  server  pro- 
gi'am  is  able  to  load  any  part  of  the  dataset  in  a  short  time,  when  the  necessary 
optical  cartridges  are  available  inside  the  jukebox. 


The  digital  topography  is  stored  with  “georeferencing”  or  geographic  coordi¬ 
nates,  and  can  be  easily  projected  into  a  map  projection  and  overlain  with  other 
datasets,  such  as  seismic  events.  Figure  2  shows  the  full  resolution  DTED  for  the 
nuclear  test  site  at  Matochkin  Shar,  central  Novaya  Zemlya,  portrayed  as  shaded 
relief,  overlain  with  the  locations  of  known  nuclear  tests  as  250m  radius  circles  and 
the  95%  confidence  error  ellipse  of  an  event  that  occurred  on  92/12/3  Kboth  ob¬ 
tained  courtesy  of  Dr.  Hans  Israelsson  at  CSS).  The  “New  Year’s  Eve”  anomalous 
event  is  clearly  located  across  the  Matochkin  Shar  from  the  test  site. 


Figure  2.  Shaded  relief  map  of  the  central  Novaya  Zemlya  nuclear  test  site  showing  locations  of  known 
tests  and  an  enigmatic  event  on  92/12/31.  Known  nuclear  test  locations  are  shown  as  sm^H  white  cir¬ 
cles,  and  the  error  ellipse  of  the  “New  Year's  Eve”  event  is  shown  as  a  white  outline.  The  full  resolution 
topography  was  shaded  with  a  light  from  the  west- northwest.  White  crosses  mark  15  minute  latitude  and 
longitude  tics.  Water  of  ocean  and  Matochkin  Shar  is  shown  in  white.  Map  is  in  an  azimuthal  equidistant 
projection  centered  on  73°N  and  55°N.  Inset  map  shows  location  boxoi  image. 
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We  began  our  digitization  of  lithospheric  structure  with  a  set  of  seismic  struc¬ 
ture  maps  of  Eurasia.  These  include  1:15,000,000  maps  of  depth  to  Moho  and  to 
seismic  (metamorphic)  basement  iKunin  and  others,  1987).  These  maps  provide 
first-order  data  on  crustal  structure  for  all  of  Eurasia  at  a  moderate  resolution,  but 
the  data  may  not  be  correct  in  detail  for  every  area.  To  improve  our  datasets,  we 
have  begun  digitizing  more  detailed  maps  of  crustal  structure  that  are  available, 
beginning  in  Europe,  where  the  most  detail  is  published.  Using  the  attributes 
capability  of  the  ArcTnfo  GIS,  we  can  record  which  contours  are  dashed  (inferred  or 
interpolated)  and  which  are  solid,  or  record  other  information  about  the  data  relia¬ 
bility  from  the  maps  such  as  the  locations  of  the  seismic  refraction  and  reflection 
lines  used.  ArcTnfo  was  used  to  edit  the  resulting  databases  and  project  the  data 
from  each  map’s  projection  into  latitude-longitude  coordinates.  Some  maps  have 
“faults”  or  discontinuities  in  the  Moho,  and  these  are  digitized  as  well.  We  then 
created  regularly  spaced  grids  of  the  crustal  and  sediment  thickness  values  from 
each  of  these  digitized  maps,  including  the  offsets  of  “faults”. 

A  map  of  a  new  gridded  dataset  of  depths  to  Moho  for  the  Baltic  area  is  shown 
in  Figure  3.  This  map  is  the  result  of  a  collaboration  with  Dr.  Vlad  Ryaboy  at  CSS. 


igure  3:  Map  of  the  gndded  database  of  depth  to  Moho  beneath  Baltic  area.  Dataset  was  digitize 
from  a  combination  of  maps  (see  text).  Gray  scale  shows  depth  in  km.  This  gridded  dataset,  along  with 
simiiar  datasets  of  depth  of  sedimentary  section  can  be  used  for  two-  and  three-dimensional  modeling 
of  crustal  phase  propagation  and  Pp  travel  time  delays.  Solid  black  lines  mark  coastlines  and  major 
lakes.  Dashed  lines  mark  country  boundaries.  Locations  of  NORESS,  ARCESS,  and  FINESA  arrays 
are  marked  by  black  triangles  with  white  borders.  Map  projection  is  Lambert  Confoimai  Conic. 
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We  digitized  two  previously  published  Moho  maps  of  area  around  the  Baltic  (Kinck 
and  others,  1992;  Sharov,  1991)  and  then  plotted  them  at  the  same  scale  and  map 
projection.  Wiad  then  used  these  two  maps  and  other  info  (Ryaboy,  1990;  BABEL, 
1993)  to  produce  a  new  combined  map  that  we  digitized  and  converted  into  a  grid- 
ded  database.  These  gridded  data  can  then  be  used  to  calculate  grids  of  source-spe¬ 
cific  station  corrections  for  Pn  travel  times  using  an  empirical  equation  relating 
travel- time  delays  to  the  depth  to  Moho  beneath  the  source  (at  each  point  of  the 
grid)  and  the  receiver  (each  of  the  three  arrayt  NORESS,  ARCESS,  and  FINESA) 
as  described  by  Suteau-Henson  and  others  (1993,  this  volume).  The  locations  of  the 
arrays  are  marked.  These  kinds  of  travel-time  corrections  may  greatly  improve  the 
locations  of  regional  events.  This  and  all  of  our  completed  crustal  structure 
datasets  are  available  over  the  network  from  our  raster  server  and  via  fip. 


Another  map  of  depth  to  Moho  has  been  recently  published  as  part  of  the 
European  GeoTraverse  (EGT).  We  have  completed  the  digitization  of  this  map 
which  runs  from  the  Arctic  Ocean  across  central  Europe  to  Tunisia,  shown  in  Fig¬ 
ure  4  below.  The  map  includes  several  “faults”  or  discontinuities  in  the  Moho,  in 
the  Alps  and  Apennines  of  Italy,  where  the  Moho  changes  depth  by  up  to  20  km 
over  distances  of  a  few  dozen  km  horizontally,  marked  on  the  map.  Several  of  these 
faults  can  be  also  seen  in  the  cross-section  of  Figure  5  below.  We  are  now  digitizing 
the  locations  of  the  seismic  refraction  and  reflection  lines  that  were  interpreted  to 
make  this  EGT  map,  as  recorded  on  the  back  of  the  map.  The  gridded  version  of 


this  dataset  has  a  point  spacing  of  about  10  km 


Moho  Depth  (kmr 


Figure  4;  Map  of  depth  to  Moho  from  European  Geotra¬ 
verse.  Gray  scale  shows  depth  in  km.  This  gridded 
dataset,  along  with  similar  datasets  of  depth  of  sedimen¬ 
tary  section  can  be  used  for  fv/o-  and  three-dimensional 
modeling  of  crustal  phase  (Lg)  propagation  and  Pp  travel 
time  delays.  Solid  black  lines  mark  coastlines  and  major 
lakes.  Dashed  lines  mark  country  boundaries.  White  lines 
mark  “faults”  in  Moho.  Locations  of  NORESS,  ARCESS, 
GERESS,  and  FINESA  are  marked  by  black  triangles 
with  white  borders.  Thick  black  line  shows  location  of  pro¬ 
file  of  Figure  5.  Map  projection  is  Lambert  Conformal 
Conic. 

These  gridded  datasets  can  be  used  to 
extract  the  crustal  structure  profile  along  a 
given  propagation  path.  An  example  is  shown 
in  Figure  5,  which  shows  the  depth  to  Moho 
profile  from  the  GERESS  array  towards  the 
south.  This  type  of  profile  of  crustal  structure 
can  be  compared  by  an  analyst  or  an  auto¬ 
matic  program  with  the  crustal  seismic 
phases  received  along  the  propagation  path  to 
better  understand  and  predict  the  path  ef¬ 
fects.  The  Xgbm  (v.  1.1)  program  can  connect 
to  our  raster  database  server  over  the  net¬ 
work,  extract  the  depths  of  the  Moho  and 
seismic  basement  along  a  great  circle,  and 
then  use  this  type  of  profile  as  the  basis  for 
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ray  tracing  of  seismic  phases  and  gaussian  beam  approximation  of  the  seismic 
waveforms  (Dayis  and  Henson,  1992;  1993). 

Figure  5:  Profiles  of  Moho  database  along 
great  circle  path  from  GERESS  tov/ards 
the  south.  Note  the  extreme  variations  in 
crustal  thickness  that  will  affect  the  propa¬ 
gation  of  crustal  phases,  such  as  Lg.  No  Lg 
IS  observed  fcr  events  more  than  500  km 
from  the  GERESS  array  in  this  direction 
(Harjes  and  others.  1992).  Location  of 
profile  shown  on  Figure  4. 

Harjes  and  others  (1992) 
have  described  a  lack  of  signifi¬ 
cant  Lg  energy  at  the  GERESS 
array  from  distances  greater  than 
500  km  for  propagation  paths  in 
most  directions,  and  this  effect  is 
especially  strong  for  events  to  the 
south  and  southwest.  They  also 
observe  a  corresponding  increase 
in  Sn  energy  starting  at  about  an 
epi central  distance  of  350  km  in 
the  same  direction.  The  extreme  variations  in  depth  to  Moho  shown  in  Figure  5 
beneath  the  Alps  and  Apennines  at  distances  of  300-700  km  from  GERESS  are 
likely  to  be  the  cause  of  these  major  disruptions  of  regional  phase  propagation.  The 
deep  Moho  root  of  the  Alps  may  also  explain  hn  azimuthal  bias  or  secondary 
arrivals  and  other  anomalies  of  events  in  the  eastern  Mediterranean  received  at 
GERESS  (Jenkins  and  others,  1992;  Haijes  and  others,  1992). 

We  are  expanding  the  scope  of  our  information  system  to  include  data  on  the 
Middle  East  and  North  Africa.  Under  the  auspices  of  several  other  ongoing  projects 
at  Cornell  we  have  collected  a  very  large  literature  collection,  satellite  imagery  and 
some  detailed  datasets,  especially  in  Syria  and  Morocco.  In  Syria,  data  include  DSS 
and  industry  seismic  reflection  profiles,  drill  hole  analyses,  magnetic  and  gravity 
measurements,  and  possibly  the  data  from  a  20  station  digital  seismograph  net- 
v/ork  to  be  installed  soon  with  the  help  of  Cornell  scientists.  For  Morocco,  data  in¬ 
clude  seismic  reflection  profiles  with  drill  hole  tie  points,  gravity  measurements, 
and  many  digital  records  from  a  network  of  about  30  seismograph  stations  that  we 
helped  to  establish.  For  both  Syria  and  Morocco,  we  have  complete  coverage  of  digi¬ 
tal  Landsat  Multispectral  Scanner  scenes,  complete  sets  of  geologic  maps,  and  all 
available  DTED.  In  the  near  future,  we  will  be  making  new  databases  from  the 
Middle  East  and  North  Africa  available  via  the  Internet. 

CONCLUSIONS  AND  RECOMMENDATIONS 

We  are  happy  to  report  that  numerous  CSS,  ARPA  and  Air  Force  researchers 
are  already  using  our  databases  in  their  ongoing  studies.  We  have  supplied 
datasets  and  maps  made  from  our  datasets  to  CSS,  SAIC,  ENSCO,  Phillips  Lab, 
SUNY  Binghamton,  Univ.  of  Conn.,  Univ.  of  Wisconsin,  Harvard,  and  ARPA 
scientists  in  the  last  year  or  so. 
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Geophysical  and  geological  datasets  can  provide  important  ancillary  informa¬ 
tion  on  the  propagation  of  seismic  phases  through  the  continental  lithosphere.  In 
turn,  this  bears  on  the  detection,  discrimination,  and  yield  estimation  of  nuclear 
e.xplosions.  The  rapidly  changing  geopolitical  situations  in  Eurasia,  North  Africa, 
and  the  Middle  East  make  it  imperative  that  databases  are  extended  to  areas  out¬ 
side  the  former  Soviet  test  sites.  The  types  of  datasets  that  we  are  compiling  can  be 
used  to  compare  well  studied  propagation  paths,  such  as  within  Europe,  with  paths 
to  events  in  other  locations  that  have  not  been  studied  in  great  detail  to  enhance 
the  monitoring  of  nonproliferation  treaties. 

These  datasets  of  digital  geological  and  geophysical  information  can  now  be  in¬ 
corporated  into  modules  of  the  IMS  at  the  CSS  and  will  be  extremely  useful  for  the 
interpretations  of  seismic  data.  We  will  continue  to  make  our  databases  available 
via  Internet  to  ARPA  and  AFOSR  researchers.  We  have  proposed  some  modifica¬ 
tions  to  the  protocol  of  the  raster  server  to  make  some  data  types  more  accessible, 
especially  high-resolution  satellite  imagery  and  lithospheric  structure  along  great 
circle  paths.  The  direct  connection  of  Cornell  to  the  NSFnet  (T3  backbone)  makes 
communication  between  Cornell  and  the  Internet  especially  rapid.  As  described 
above,  we  are  making  the  processed  topography  data  available,  beginning  with  the 
reduced  resolution  mosaics  that  will  be  most  useful  for  seismic  researchers. 
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OBJECTIVE 

This  work  is  directed  at  providing  robust  statistical  methods  to  perform  seismic  event 
identification,  to  assess  error  rates  associated  with  event  classification,  and  to  address 
statistical  issues  regarding  transportability  of  discriminants.  We  have  developed 
statistical  methods  to  perform  event  identification  under  a  wide  range  of  conditions  of 
training  set  availability  and  to  treat  the  statistical  distributions  of  discriminants 
rigorously.  Along  with  other  application,  we  show  how  one  of  these  methods,  an  outlier 
test,  can  be  used  to  detect  peculiar  events  in  data  sets  lacking  ground-truth.  We  have  also 
implemented  a  number  of  preliminary  tests  and  data  transformations  to  be  performed  on 
training  sets  to  ensur;  that  the  appropriate  assumptions  of  the  event  identification  tests 
hold.  The  combina  Jon  of  these  techniques  provides  a  robust  statistical  framework  to 
identify  seismic  events  and  estimate  classification  probabilities  rigorously  under 
extremely  general  or  restricted  conditions.  We  have  applied  these  methods  to  seismic 
event  identification  using  feature  data  extracted  by  ISEIS. 

RESEARCH  ACCOMPLISHED 

Event  Identification  Methods.  Among  the  crucial  statistical  issues  associated  with 
seismic  event  identification  are  the  availability  of  useful  training  sets  and  the  complicated 
statistics  of  discriminants.  Data  sets  for  new  regions  of  interest  may  be  extremely 
limited.  Path  differences  often  prohibit  direct  application  of  training  sets  to  classification 
in  new  regions.  Ground-truth  data  sets  are  being  established,  but  progress  is  relatively 
slow.  In  addition,  discriminants  rarely  have  normal  distributions,  and  the  distribution 
type  and  covariance  structure  typically  differ  from  one  event  type  to  the  next  (e.g., 
Baumgardt,  1992).  Some  very  useful  discriminants  are  in  fact  discrete  rather  than 
continuous.  Combinations  of  these  issues  have  limited  useful  application  of  many 
statistical  classification  methods  in  the  past  It  is  vital,  however,  for  monitoring 
applications  that  these  issues  are  all  addressed  with  statistical  rigor  so  that  classification 
accuracy  can  be  optimized  and  so  that  estimated  error  rates  have  precise  meaning; 
improper  treatment  of  discriminant  distributions  can  lead  to  misclassifications  and  biased 
estimates  of  error  rates. 

To  address  these  issues,  MRC  and  SMU  (Baek  et  al.,  1992,  1993)  developed  statistical 
methods  for  classification  and  outlier  detection.  The  methods,  based  on  the  generalized 
likelihood  ratio  (GLR)  and  the  bootstrap  technique,  have  considerable  flexibility  to 
rigorously  treat  a  mixture  of  continuous  (e.g.,  araphtude  and  spectral  ratios,  spectral  and 
cepstral  variances,  etc.)  and  discrete  (e.g.,  presence  of  cepstral  peaks,  seismicity, 
deep/shallow,  offshore/onshore,  etc.)  features,  normal  or  non-normal  statistics,  equal  or 
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unequal  covariance  matrices,  and  different  distribution  functions  for  different  event  types. 
(DetaiLu  kchnical  discussions  of  the  methods  are  presented  by  Gray  et  al.,  1993). 

The  GLR  outlier  test  is  particularly  useful  for  situations  with  training  data  limited  to  one 
class.  Here  a  hypothesis  test  is  used  to  determine  whether  an  event  belongs  to  the  same 
population  as  the  training  data  or  not.  For  example,  when  monitoring  a  new  region  there 
may  only  be  a  handful  of  earthquakes  or  mining  blasts.  In  fact,  we  may  not  even  know 
what  the  event  type  is  for  a  particular  set.  The  GLR  outlier  test  can  still  be  applied  to  flag 
peculiar  events  that  are  not  "business  as  usual."  A  related  application  of  the  outlier  test  is 
to  test  training  sets  which  lack  ground-truth  for  possible  contamination.  In  this  way, 
peculiar  events  can  be  flagged  for  further  expert  analysis  or  corroboration  with  bulletins, 
etc.  Thus,  the  GLR  outlier  test  allows  monitoring  to  be  performed  under  conditions  for 
which  minimal  information  is  available. 

For  situations  were  more  training  information  is  available,  the  GLR  classification  method 
provides  an  improved  procedure  to  optimize  classification  accuracy.  In  this  case,  training 
data  for  all  available  classes  are  used  and  the  event  in  question  is  allocated  into  one  of 
two  or  more  classes.  In  addition  to  proper  treatment  of  the  discriminant  distributions,  the 
Bootstrap  GLR  method  allows  the  overall  cost  of  misclassification  to  be  minimized  or, 
alternatively,  the  false  alarm  rate  associated  with  misclassifying  a  particular  type  of  event 
(e.g.,  nuclear  explosions)  to  be  controlled.  The  latter  is  a  particularly  important  aspect 
since  for  most  monitoring  applications  we  want  to  limit  the  number  of  undetected  nuclear 
explosions  to  a  very  small  number.  Applications  of  both  tests  are  discussed  below. 

Preliminary  training  set  analyses.  Since  the  statistics  of  most  discriminants  are  quite 
complicated  and  the  validity  of  classification  results  depend  on  their  proper  treatment,  v/e 
apply  several  tests  to  training  sets  to  determine  whether  necessary  assumptions  hold. 
Although  the  Bootstrap  GLR  methods  do  not  require  that  features  are  normally 
distributed,  implementation  of  the  tests  simplify  greatly  if  this  assumption  is  made.  In 
most  cases,  however,  discriminants  do  not  obey  normal  statistics.  To  remedy  this 
situation  we  first  apply  two  hypothesis  tests  to  determine  whether  the  data  are  normal. 
The  Wilk-Shapiro  test  is  powerful  for  detecting  skewed  distributions  and  the  Anderson- 
Darling  test  is  powerful  for  detecting  long-tailed  distributions.  If  the  data  are  rejected  by 
either  test  at  fixed  significance  level,  then  the  features  are  transformed  using  Box-Cox 
transformations.  Special  cases  of  Box-Cox  transformations  are  the  square  root  and  the 
logarithm.  In  general,  the  procedure  automatically  finds  a  power-law  transformation  that 
maximizes  the  normal  likelihood  function  of  the  transformed  data.  Once  transformed,  the 
data  sets  are  tested  again  for  normality.  Although  these  transformations  do  not  ensure 
normality,  we  have  found  that  -90%  of  the  features  of  the  data  sets  investigated  are 
accepted  as  normal  after  applying  the  transformations,  even  though  only  -10%  of  the 
original  features  were  normal. 

Robust  application  of  the  GLR  classification  tests  also  depend  on  whether  covariance 
matrices  of  the  features  are  equal  for  the  various  event  types.  If  sample  sizes  are  small  or 
covariance  matrices  are  not  significantly  different,  using  a  classification  method  based  on 
a  pooled  estimate  of  a  single  covariance  matrix  is  more  robust.  If  the  covariance  matrices 
are  significantly  different,  estimating  separate  covariance  matrices  and  basing  the 
classification  test  on  this  information  has  greater  power.  Thus,  we  have  implemented 
hypothesis  tests  (F-test  and  Standard  Error  test)  to  determine  whether  covariance  matrices 
are  equal.  Based  on  results,  the  appropriate  GLR  classification  procedure  is  applied. 
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Figure  1.  Locations  of  seismic  events  and  station  for  data  sets  used  in  event 
identification  analysis. 

Another  practical  statistical  issue  that  arises  is  that  of  missing  data  values.  Often 
particular  phases  are  undetected  or  interference  with  other  events  may  prevent  them  from 
being  used.  It  is  nevertlieless  useful  to  include  such  events  with  partial  information  in  the 
training  sets,  rather  than  discarding  them  altogether.  One  approach  is  mean  replacement 
which  simply  replaces  a  missing  vdue  of  a  particular  feature  with  the  mean  computed  for 
that  feature  from  the  remaining  events.  This  is  a  simple  procedure  but  it  does  not  utilize 
available  Lnformation  regarding  feature  correlations.  An  approach  that  does  so  is  called 
the  EM  (Estimation-Maximization)  algorithm  (Dempster  et  al.,  1977),  which  estimates 
the  sufficient  statistics  of  the  missing  values  by  regression  analysis,  based  on  maximum 
likelihood  estimates  (MLEs)  from  available  data,  and  then  updates  the  MLEs  using  the 
available  data  and  the  estimates  of  the  missing  values.  The  procedure  is  iterated  until  the 
MLEs  converge  to  within  a  specified  tolerance. 

In  many  cases,  the  number  of  available  discriminants  can  be  large  (see  below)  and  it  is 
not  clear  from  the  outset  which  are  the  best  to  use  in  every  situation.  Thus,  we  have 
implemented  and  applied  statistical  procedures  to  select  the  optimal  subset  of 
discriminants  based  on  training  data.  Features  are  first  ranked  based  on  error  rates 
estimated  using  training  data  and  associated  with  GLR  classification  for  each  univariate 
case.  A  stepforwerd  selection  procedure  (Seber,  1988)  is  then  used  on  the  best  univariate 
features  to  detSThiine  which  set  provides  the  best  multivariate  discrimination.  The 
stepforward  procedure  starts  with  the  best  univariate  feature  and  adds  successive  features 
as  long  as  there  is  a  continued  reduction  in  the  overall  error  rate  estimate. 

Data  Sets.  Training  sets  used  for  applications  here  are  based  on  ISEIS  feature  data 
provided  by  Baumgardt  (1993).  Data  sets  consist  of  10  earthquakes  (EQs)  and  13  quarry 
blasts  ((2Bs)  recorded  at  GERESS  which  occurred  in  the  Vogtland  region  in  Germany;  53 
Kola  Peninsula  QBs  and  25  EQs  which  occurred  in  the  Steigen  region  of  Norway, 
recorded  at  ARCESS;  5  EQs  recorded  at  ARCESS  which  occurred  in  the  direction  of  the 
Mid-Atlantic  Ridge;  3  nuclear  explosions  (EXs)  and  1  unknown  event  at  Novaya  Zemlya 
recorded  at  ARCESS.  Locations  of  the  events  and  seismic  arrays  are  shown  in  Figure  1. 


ISEIS  feature  data  include  amplitude  ratios,  Pg/Lg,  Pg/Sn,  Pn/Lg,  Pn/Pg,  Pn/Sn,  Rg/Lg, 
Rg/Sn,  and  Sn/Lg  of  either  maximum  or  rms  amplitude  in  9  frequency  bands,  spectrd 
ratios  of  maximum  and  rms  amplitudes  of  Lg,  Pg,  Pn,  Rg  and  Sn  in  5  different 
combinations  qf  frequency  bands,  and  the  variance,  skewness  and  kurtosis  of  detrended 
spectra  and  cepstra  computed  by  MERSY.  Not  all  features  v/ere  available  for  all  events 
and  the  total  number  was  reduced  from  204  to  at  most  5  for  applications  described  below. 

We  have  performed  event  identification  analysis,  including  discrete  features  such  as 
presence  of  cepstral  peaks,  using  DataSet  ifl  established  by  Sereno  (1991).  We  have  ^o 
performed  script-matching  including  day-of-week  as  a  discrete  feature  to  associate 
mining  blasts  with  particular  mines.  The  GLR  tests  appear  to  perform  reasonably  well, 
based  on  the  data  and  simulation  for  a  mixture  of  continuous  and  discrete  features. 

Monitoring  applications  and  error  rate  estimates.  In  the  first  part  of  this  analysis,  we 
assumed  that  we  have  only  a  few  EQs  to  start  with  in  a  particular  region.  We  then  treated 
the  QBs  as  new  observed  events  and  used  the  GLR  outlier  test  to  determine  whether  we 
can  monitor  the  region  for  peculiar  events.  Each  EQ  was  also  tested  as  a  new  event  using 
the  leave-one-out  procedure.  The  significance  level  was  set  at  0.05.  Using  Pn/Sn(max; 
8-16  Hz),  Pn/Lg(max;  8-16  Hz)  and  Lg(rms;  2-5  Hz)/Lg(rms;  5-8  Hz)  were  used  as 
discriminants,  we  found  that  all  13  QBs  were  detected  as  outliers  while,  appropriately, 
none  of  the  EQs  treated  as  new  events  were.  Using  the  Steigen  EQs,  51  of  53  (96.2%) 
Kola  QBs  were  detected  as  outliers  and  21  of  24  (87.5%)  EQs  were  correctly  identified. 

In  the  second  part  of  this  analysis,  we  assessed  how  error  rates  are  affected  when  training 
data  are  available  for  aU  relevant  event  types.  In  this  case,  the  GLR  classification  test 
was  trained  on  both  EQ  and  QB  sets  with  each  event  tested  using  the  leave-one-out 
procedure.  As  for  the  outlier  test,  all  of  the  Vogtland  events  were  correctly  classified. 
For  the  Kola/Steigen  case,  52  of  53  (98.1%)  of  the  Kola  QBs  and  23  of  24  (95.8%)  of  the 
Steigen  EQs  were  correctly  classified. 

Contaminated  training  set  study.  The  purpose  of  this  study  was  to  assess  whether  the 
GLR  outlier  test  can  be  used  to  detect  contaminating  events  in  a  training  set  and  to  assess 
what  impact  the  contaminated  data  set  can  have  on  error  rates.  To  carry  out  this  study, 
we  randomly  selected  2  Vogtland  QBs  and  inserted  them  in  the  Vogtland  EQ  set  We 
then  ran  the  GLR  outlier  test  on  each  event  in  the  EQ  set  using  the  leave-one-out 
procedure  and  the  same  discriminants  as  above.  If  an  outlier  is  detected,  it  is  removed 
from  the  set  and  the  remainder  are  re-tested.  In  this  case,  both  QBs  were  detected  on  the 
first  pass.  If  the  QBs  are  not  removed  from  the  EQ  training  set,  2  other  QBs  of  the 
remaining  1 1  are  undetected  when  subsequently  tested.  This  analysis  was  also  repeated 
by  randomly  selecting  2  Kola  QBs  and  inserting  them  in  the  Steigen  EQ  set  Only  one  of 
the  QBs  was  detected  on  the  first  pass,  but  once  removed,  the  other  one  was  also 
detected.  If  th^  Kola  QBs  are  not  removed  from  the  Steigen  EQ  training  set,  7  other 
QBs  of  the  remaining  51  are  undetected  when  subsequently  tested. 

Event  identification  results  for  event  361575  at  Novaya  Zemlya.  The  GLR  outlier  and 
classification  tests  were  applied  to  an  event  recorded  at  ARCESS  which  occurred  at 
Novaya  Zemlya  (NZ)  on  31  December  1992.  (We  will  refer  to  this  event  by  its 
ORED=361575.)  Discriminants  used  here  consist  of  Pn/Sn(max)  ratios  in  five  frequency 
bands,  4-6,  5-7,  6-8,  8-10,  and  8-16  Hz  recorded  by  ARAO.  Data  for  four  events  at  NZ 
were  provided,  three  of  which  are  known  nuclear  explosions  (EXs)  and  the  fourth  is  the 
event  in  question  (Figure  1).  For  comparison,  we  aJso  used  the  Kola  and  Steigen  data 
sets,  as  well  as  the  5  EQs  which  occurred  in  the  direction  of  the  Mid-Atlantic  Ridge.  The 
same  features,  obtained  from  seismograms  recorded  by  ARAO,  were  used.  Figure  2 
shows  a  scatter  plot  of  the  amplitude  ratios  in  the  5  frequency  bands  for  all  event  types. 


105 


AxRAO  Pn  £n(MAX) 


COO 

■jr:  o  o 


Figure  2.  Plot  of  Pn/Sn(max)  in  5  frequency  bands  for  events  recorded  by  ARAO. 

Event  361575  v/as  tested  as  an  outlier  of  each  of  the  4  data  sets.  Results  are  represented 
graphically  in  Figure  3  for  the  4  tests.  The  distributions  shown  are  smoothed  histograms 
of  the  likelihood  ratio  (LR)  obtained  by  bootstrapping  the  corresponding  training  set 
The  vertical  lines  shown  correspond  to  critical  values  of  the  tests  for  various  significance 
levels  given  in  the  lowest  legend.  The  LR  for  361575  is  denoted  by  the  triangle  marker. 
The  training  set  and  discriminants  are  listed  in  the  upper  legends.  Figure  3  shows  that 
event  361575  is  rejected  as  a  belonging  to  the  same  populations  as  NZ  EXs  or  Steigen 
EQs  at  the  0.025  significance  level.  It  is  also  rejected  as  belonging  to  the  same 
population  as  Mid-Atlantic  Ridge  EQs  at  the  0.05  sigruficance  level  It  is  not  rejected  as 
belonging  to  the  Kola  QB  population  unless  the  significance  level  is  set  at  0.345  or 
greater.  Thus,  it  is  not  considered  an  outlier  of  the  Kola  QB  population. 

GLR  classifica^pn  tests  were  also  applied  to  event  361575.  It  was  first  tested  as 
belonging  to  hK  EXs  versus  the  alternative  that  it  belongs  to  Kola  QBs.  It  was  then 
tested  as  belonging  to  the  combined  Steigen/Mid-Atlantic  Ridge  EQ  population  versus 
belonging  to  Kola  QBs.  Last,  it  was  tested  as  a  NZ  EX  versus  an  EQ.  Kgure  4  shows  the 
results  of  the  first  2  tests.  The  distributions  shown  are  smoothed  histrograms  of  the  LR, 
/  bootstrapped  from  the  training  data,  where  the  Ho  distribution  corresponds  to  LRs  if  the 
new  event  is  from  the  first  population  and  the  Hj  distribution  corresponds  to  LRs  if  the 
new  event  is  from  the  second  population.  The  thick  vertical  lines  are  values  of  the  LR 
which  minimize  the  overall  misclassification  rate.  The  other  lines  correspond  to  various 
significance  levels  of  rejecting  the  null  hypothesis  (Ho).  Figure  4  shows  that  361575  is 
rejected  as  a  NZ  EX  and  as  an  EQ,  both  at  the  0.01  significance  level.  Classification 
based  on  minimizing  overall  error  rates  also  allocate  361575  to  the  QB  population. 


104 


Deribily  ■  Dclisily 


Outlier  LogvMLR)  Statistic 


Outlier  LogtMLR)  Statistic 


Trsinmg  Set  NavayaZetniya.£X 
Teal  Set  SZ.361575 

■  , 

Discriminants 

■  1. 

Kj  OistnbC^^itEX) 

Pn  Sn(max.d-i<HzT  j 

,  Training  Set'  nola.QB 
;  Test  Set  N2.36IS75 

•  Oisenminanis  > 

Pn/Sniin8X.4-6Hi)  • 
Pn/Sflifn»x.5-7Hi) 
Pn/Sn(in8X.d-3Kz)  , 

.  Pn/SR(mnx.8-lOKs)  ' 
Pn/Sn(R:ax,6'lflHz)  ' 


a  •  0010  I 
a  «  0  025  1 
a  -  0  OSO  t 
a  0 


Log(MLR) 

Outlier  Log(MLR)  Statistic 


Training  Set  Steigen.EQ  i 
!  Text  Set  S2.361S7S  , 

I  Ciscnmtnants 

Pn.  Sn(R:8x:4-6Hz’ 

1  Pn  3n(mftX.5-7H2l 
Pn  SntmfiX.d-dHzl 
Pn/SR(max.6-tOHz)  i 
Pn'Sn(mGX.8-t6H2)  ) 


a  •  0  OlO  1 
a  «  0  025 
a  •  OOSO  j 
3  «  0  100  i 


H«  Olstnb 


Log(MLR) 

Outlier  Log(.MLR)  Statistic 


-6  0 

Log(MLR) 


-o  0 

Log (MLR) 


Figure  3.  GLR  outlier  test  results  for  Novaya  Zemlya  event  361575. 


Discrimination  Log(MLR)  Statistic 


Traintni  Sell  NovayaZemlya^ 
Trsmmc  SetZ  Kola.0B 
Test  Set  NZ.3ai57S 


DlfcnmmanUr. 
Po/Sn(mAx:4**0Hx) 
Pn/Sn(m4X.5-7Hi)  • 
Pa/Sn(m4z.6"6Hx)  a 
Pn/SnCmtx.O**  l€Kx) 


Clascifr  ’ 
a  -  0010  I 
a  •  0029  i 
a  ■  0  050  I 
9  •  0  100  I 


H,  DUtrl^Uoa  (Q 


Discrimination  Log(MLR)  Statistic 


TrAimnf  Sell  Slei|en.MARidze.BQ 
Trtuung  Set2'  KolaL.Q8 
Text  Set:  NZ.3ei575 


DUerlmloaaU: 

PD/SD(maz.4'6Hx) 

PD/Sn(ro«x.9-7Hx) 

Po/So(nAi.0>'6Kx) 

Pn/9n(m8z.d'l6Hz) 


:5  0  -500 


Log(MLR) 


i 


Log(MLR) 


Figure  4.  GLR  classification  results  for  Novaya  Zemlya  event  361575. 


Although  our  quantitative  measures  differ,  our  qualitative  results  are  the  same  as  those  of 
Baumgardt  (1993),  who  also  concluded,  based  on  a  neural  net  approach  ana  a  similar  set 
of  discriminants,  that  361575  looks  most  like  a  Kola  QB.  TTiese  results  should  be 
tempered  by  thucaveat  that  there  may  be  significant  path  differences  to  ARCESS  from 
the  Kola  Peninsula,  the  Steigen  region  and  Novaya  Zemlya  which  warrant  investigation. 
Note,  however,  that  our  outUer  test  based  on  the  3  NZ  EXs  is  not  subject  to  this  caveat. 
Thus,  until  path  differences  can  be  investigated  suitably,  this  test  may  provide  the  only 
reliable  statistical  evidence  that  event  361575  was  not  a  nuclear  test.  Even  so,  a  larger 
nuclear  explosion  training  set  for  NZ  events  is  desired  to  strengthen  our  conclusions. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Applications  of  the  GLR  outlier  and  classification  tests  demonstrate  that  they  provide 
useful  event  identification  procedures  under  a  wide  range  of  conditions.  Not  only  do  they 
treat  the  statistics  correctly,  but  they  also  allow  monitoring  to  be  performed  in  new 
regions  where  training  data  are  limited  and  lacking  ground-truth.  Fisk  et  al.  (1993) 
provide  a  more  complete  description  of  these  results,  applications  to  other  data  sets,  and 
applications  of  preliminary  training  set  analyses.  Work  is  being  performed  currently  to 
implement  all  of  the  methods  described  above,  as  well  as  novel  graphical  displays,  in  a 
software  package  with  a  X-Window  graphical  user  interface. 
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Objectives: 

The  usual  process  of  locating  a  cluster  of  seismic  events  is  hierarchical,  i.  e.,  one 
begins  v/ith  available  low-quality  data  and  simple  location  methods,  then,  one  applies 
increasingly  sophisticated  methods  to  better-quality  data  as  it  becomes  available.  Our 
primary  objective  is  to  develop  practical  and  flexible  location  software  which  is 
appropriate  for  the  entire  location  process.  This  software  must: 

•  3e  usable  with  either  locd  network  or  teleseismic  phase  arrival  data; 

•  Determine  locations  using  P  and  S  phases  as  well  as  more  "exotic"  phases  such 
as  ScP  or  PKP; 

•  Permit  a  variety  of  schemes  for  weighting  residual  quality,  and  permit  the  user  to 
choose  either  single-event  or  joint  locations; 

•  Provide  quantitative  information  assisting  the  user  to  evaluate  location  quality. 

As  a  secondary  objective  we  shall  evaluate  the  attainable  accuracy  of  relative 
seismic  event  locations  in  several  practical  situations.  For  this,  we  shall  utilize  the 
program  we  have  developed  and  apply  several  different  location  methods  to  a  variety  of 
phase  arrival  data  sets,  each  representing  a  different  common  location  problem. 


Research  Accomplished: 

1.  Practical  Software  for  Seismic  Event  Location 

As  a  practical  product  of  this  research,  we  have  developed  a  flexible  Fortran 
program  for  seismic  event  relocation.  This  program,  called  TexFlex,  has  several  special 
features  which  make  it  useful  for  routine  research  applications: 

•  The  program  calculates  travel  time  residuals  using  either  user-supplied  flat-earth 
velocity  models,  using  teleseismic  look-up  tables  like  the  Jeffreys-Bullen  (1970)  tables, 
or  using  the  1AS2EI91  teleseismic  software  described  by  Kennett  (1991)  and  Kennett  and 
Engdahl  (1991).  If  desired,  the  user  can  choose  to  use  different  travel  time  models  for 
calculating  residuals  at  different  stations. 

•  The  program  performs  either  single-event  locations  or  joint  hypocenter  (JHD) 
relocations  using  the  method  of  Frohlich  (1979). 

•  For  JHD  relocation,  the  input  file  structure  allows  the  user  to  group  station 
correction  variables  so  that  several  stations  or  station/phase  combinations  are  assigned  the 
same  station  correction  variable.  Thus,  if  desired  one  can  assign  the  same  correction  to 
ail  stations  in  the  same  tectonic  regime,  or  to  two  nearby  stations  with  different  names. 
The  user  can  choose  to  assign  either  the  same  or  different  station  correction  variable  to 
different  phases  arriving  at  the  same  station. 
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•  The  program  allows  the  user  to  select  from  a  variety  of  weighting  schemes.  The 
least-squares  residual  weights  may  depend  on  user-assigned  phase  quality,  on  residual 
absolute  value,.or  on  the  azimuthal  distribution  of  observing  stations. 

•  As  described  in  the  following  section,  the  program  can  calculate  the  volume  of 
the  smallest  convex  polyhedron  enclosing  groups  of  hypocentem,  if  the  user  so  chooses. 

•  The  input  file  structure  requires  a  minimum  of  editing  as  the  user  chooses 
different  relocation  options,  or  relocates  different  groups  of  seismic  events  with  different 
combinations  of  stations.  TTiere  ^e  numerous  output  files,  some  in  identical  formats  as 
the  input  files,  and  others  including  a  broad  variety  of  tablular  and  statistical  information 
to  help  the  user  evaluate  the  relocation  process. 

A  preliminary  version  of  the  TexFIex  program  is  now  available  for  distribution. 
For  more  inforaiation,  please  contact  the  first  author  by  email. 


2.  The  Utility  of  the  "Volume”  of  a  Cluster  of  Seismic  Events 

In  situations  where  all  members  of  a  group  of  seismic  events  seem  to  originate 
from  nearly  the  same  focus,  it  is  reasonable  that  the  "volume"  of  a  particular  cluster  is  a 
measure  of  relative  location  accuracy.  We  have  developed  a  straightforward  algorithm 
for  determining  the  volume  of  the  smallest  convex  polyhedron  which  encloses  a  set  of 
points.  This  volume  is  unique,  and  independent  of  the  coordinate  system  used  to  describe 
the  points.  For  seismic  events  the  set  of  points  caii  be  their  hypocenters,  and  the 
algorithm  thus  finds  the  smallest  enclosing  volume.  Output  from  this  algorithm  can 
easily  be  used  to  plot  maps  and  cross  sections  of  the  bounding  polyhedron  (e.  g.,  Figures 
1  to  3). 


The  algorithm  finds  the  triangular  faces  of  the  bounding  polyhedron  one-by-one, 
starting  with  the  lowermost  faces  and  working  upward.  The  routine  considers  triples  of 
hypocenters  to  define  planes,  and  knows  that  such  a  triple  defines  a  polyhedron  face  of  all 
hypocenters  lie  on  one  side  of  the  plane.  The  search  for  polyhdedron  faces  gains 
efficiency  because  the  program  searches  triples  of  hypocenters  going  from  deepest  to 
shallowest  hypocenters,  and  does  not  need  to  search  hypocenters  deeper  than  the 
"bounding  polygon"  formed  by  the  edges  of  the  faces  found  so  far.  We  have  successfully 
used  this  algorism  to  determine  volumes  for  data  sets  having  more  than  4000  points. 

While  TexFIex  uses  the  polyhedron  volume  as  a  measure  of  location  accuracy,  it 
is  useful  for  other  reasons  as  well.  For  example,  Kostrov  (1974)  noted  that  the  strain  S 
released  by  earthquakes  occuring  within  a  volume  V  is  related  to  their  seismic  moment 
tensors  Mj  by: 

8  =  2Mi/(2iiV) 

where  p,  is  the  rigidity.  Thus,  our  algorithm  permits  us  to  determine  the  strain  release 
associated  with«»he  moment  tensors  xeponed  for  groups  of  earthquakes. 

The  bounding  polyhedron  also  is  an  essential  tool  if  one  wishes  to  evaluate  how 
edge  effects  influence  statistical  tests.  The  basic  approach  is  to  compare  results  when  the 
tests  are  applied  to  both  real  and  simulated  sets  of  data.  If  there  are  N  points,  of  which  M 
form  the  bounding  polyhedron,  the  procedure  is  to: 

•  Determine  which  M  points  form  the  bounding  polyhedron  for  the  real  data, 

•  Include  these  M  points  in  the  simulated  data  set; 
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•  Use  some  appropriate  random  procedure  to  add  N-M  more  points  to  the 
simulated  data  set,  taking  care  that  these  points  lie  within  the  interior  of  the  bounding 
polyhedron. 

This  procedure  assures  that  the  real  and  simulated  data  sets  have  precisely  the  same 
boundary.  Thus,  the  boundary  will  not  be  the  source  of  any  differences  between 
applications  of  the  statistical  test  to  the  real  and  simulated  data. 


3.  Application  to  Phase  Arrivals  in  Three  Geographic  Regions 

We  are  presently  investigating  seismic  events  in  three  different  geographic 
regions,  and  comparing  locations  obtained  from  a  variety  of  data  types.  The  event  types, 
geographic  regions,  and  data  types  are: 

•  Nuclear  explosions  from  Mururoa  in  French  Polynesia  located  using  teleseismic 
data  obtained  from  cross-correlation  of  digital  seismograms,  and  using  phases  reponed  by 
the  International  Seismological  Centre  (ISC). 

•  Earthquakes  from  the  intermediate-focus  "nest"  occurring  near  Bucaramanga, 
Colombia  (Schneider  et  al.,  1987),  located  using  data  obtained  from  reading  selected 
microfiche  seismograms  at  Columbia  University,  using  data  obtained  from  cross¬ 
correlation  of  digital  seismograms,  and  using  phases  reported  by  the  ISC. 

«  Microearthquakes  occurring  in  a  region  of  intense  shallow  activity  west  of  Efate, 
Vanuatu,  southwest  Pacific  (Chatelain  et  1986),  located  using  data  recorded  by  a 
regional  land  station  network,  and  using  data  recorded  by  a  temporary  network  of  ocean 
bottom  seismograph  stations  (F'rohlich  et  al.,  1990). 

Relocations  of  earthquakes  occurimg  in  a  localized  nest  near  Bucaramanga, 
Colombia  (Figure  1),  illustrate  typical  results  of  our  investigations.  For  26  events,  our 
relocations  were  more  strongly  clustered  than  those  reported  by  the  ISC,  regardless  of 
whether  we  relocated  using  phases  reported  by  the  ISC  or  teleseismic  phases  we 
personally  reread  (Figure  3  and  Table  1).  These  results  suggest  that  the  nest  has 
dimensions  smaller  than  10-20  km.  In  constrast,  Schneider  et  al.  (1987)  used  phases  read 
from  a  temporary  local  netv/ork  and  determined  nest  dimensions  of  2-4  km. 


Conclusions: 

The  new  scheme  we  have  developed  for  associating  a  unique  volume  with  a  group 
of  hypocenters  may  have  a  variety  of  different  applications  in  seismology.  Its  most 
straightforward  use  is  when  all  hypocenters  in  a  group  apparently  originate  from  nearly 
the  same  source  region,  and  thus  the  volume  is  a  powerful  measure  of  the  relative 
location  error. 

The  relqsation  program  we  have  developed,  TexFlex,  uses  methods  developed 
prior  to  this  studjt  for  determining  travel  times,  for  weighting  phase  arrival  times,  and  for 
finding  improved  locations  by  least  squares.  However,  the  program  is  unusually  flexible, 
and  thus  is  especially  useful  when  a  research  project  will  require  relocations  for  a  broad 
variety  of  seismic  events,  using  phases  from  both  nearby  and  very  distant  stations,  and 
reporting  data  of  variable  quality. 

Our  investigations  confirm  that  the  strategy  for  obtaining  the  most  accurate 
locations  for  seismic  events  depends  strongly  on  the  type  of  data  available.  To  locate 
teleseismic  events  when  data  are  numerous  but  of  poor  or  unknown  quality,  the  optimum 
strategy  is  to  select  a  phase  weighting  scheme  where  the  weights  depend  both  on  the  size 
of  the  residual  and  on  the  azimuthal  distribution  of  stations.  However,  when  there  exist 
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exceptionally  high-quality  data  at  a  few  stations,  the  best  approach  often  is  to  determine 
a  reliable  set  of  station  corrections  and  obtain  final  locations  using  single-event  methods. 
Locations  obtained  using  regional  network  data  are  almost  never  reliable  unless  the 
network  provides  a  good  azimuthal  distribution  of  stations  and  unless  the  data  include  a 
sufficient  number  of  both  P  and  S  phases. 
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Figure  1.  Location  map  for  the  eanhquake  nest  near  Bucaramanga,  Colombia. 


Table  1.  Volumes  and  surface  areas  of  minimum- volume  convex  polyhedrons  enclosing 
four  sets  of  hypocentral  locations  for  the  Bucaramanga  nest. 


Data  Set 

Volume  (km^) 

Surface  Area  (km^) 

ISC  locations^ 

2085 

1026 

ISC  phases:  relocations^ 

1635 

911 

Phases  reread  by  authors^ 

1299 

690 

Schneider  et  al.  (1987)<1 

11 

34 

^These  are  H^ocentral  locations  reported  in  the  ISC  Bulletin  for  26  selected 
events. 

bThese  are  relocations  of  the  same  26  events,  determined  using  phase  arrival  data 
reported  in  the  ISC  Bulletin  at  28  selected  stations. 

‘^These  are  relocationsof  the  same  26  events,  determined  using  phase  arrival  data 
personally  reread  by  the  authors  at  18  selected  stations. 

‘^These  are  locations  reported  by  Schneider  et  al.  (1987)  for  27  events 

occurring  in  June  and  July,  1979,  located  by  a  temporary  local  network. 
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Figure  2.  Six  views  of  the  faces  forming  the  bounding  polyhedron  enclosing  26 
hypocenters  in  the  Bucaramanga  nest,  located  using  phase  arrival  dmes  read  by  the 
authors  from  microfiche  seismograms.  At  left  are  views  of  upper  surface  (view  from 
above)  or  front  surface  (views  from  the  east  or  south).  At  right  are  views  of  lower  surface 
(view  from  above)  or  back  surface  (views  from  the  east  or  south).  Numbers  to  the  right 
of  each  vertex  are  event  identification  numbers. 
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Figure  3.  Bounding  polyhedrons  for  four  sets  of  hypocentral  locations  in  the 
Bucaramanga  nest.  At  left  are  map  views  of  the  upper  surfaces  of  polyhedrons.  At  right 
are  cross  sections  as  viewed  from  east,  and  front  surfaces  of  polyhedrons.  However,  so 
that  north  and  south  correspond  to  the  map  views,  these  cross  sections  arc  rotated  90°,  so 
that  the  upward  vertical  is  to  the  left  and  downward  vertical  is  to  the  right.  A) 
Polyhedron  for  26  hypocenters  occurring  from  1965  to  1986,  locations  as  reponed  by  the 
ISC;  B)  Polyhedron  for  same  26  hypocenters,  relocated  with  a  weighted  least-squares 
JHD  method  using  phase  arrivals  reported  by  the  ISC  at  28  selected  stations;  C) 
Polyhedron  for  same  26  hypocenters,  relocated  with  a  weighted  least-squares  JHD 
method  using  data  personally  read  by  the  authors  at  18  selected  stations;  D)  Polyhdedron 
for  27  hypocenters  with  locations  reponed  by  Schneider  et  al.  (19871,  determined  from  a 
temporary  local  network. 
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Objective 

The  current  concept  for  the  U.N.  Conference  on  Disarmament,  Group  of  Scientific  Experts 
‘Technical  Test  3”  includes  three  levels  of  data  coUection,  An  “Alpha”  network  of  sensitive 
three-component  and  array  stations  provides  the  basic  detection  capability  of  the  system.  Data 
from  the  Alpha  network  are  telemetered  continuously  to  an  International  Data  Center  (IDC) 
where  they  are  processed  automatically  for  detection  and  location  of  seismic  events.  Post-detec¬ 
tion  analysis  is  enhanced  by  data  from  open  seismic  stations  of  a  “Beta”  network.  Disk  loops  at 
these  stations  will  be  queried  automatically  by  the  IDC,  after  initial  event  detection  by  the  Alpha 
system,  to  obtain  supplementary  waveform  data  needed  to  accurately  locate  the  events  and  deter¬ 
mine  their  magnitude. 

The  GSE  concept  also  provides  for  alphanumeric  data  from  local  and  regional  networks, 
called  “Gamma”  networks.  Gamma  information  obtained  through  the  DDC  will  potentially  aug¬ 
ment  the  CSS  Ground-Truth  Database.  These  data  can  be  used  for  a  number  of  purposes,  includ¬ 
ing  the  calibration  of  seismic  characteristics  of  the  regions  containing  the  Gamma  networks.  By 
such  Calibration,  the  capability  of  the  Alpha  and  Beta  components  of  the  system  to  accurately 
locate  events  can  be  improved  over  time. 

The  objective  of  this  paper  is  to  provide  a  case  study  simulating  how  Gamma  (or  ground- 
truth)  information  can  be  used  to  improve  the  performance  of  the  GSE  system.  The  particular 
case  analyzed  consists  of  a  number  of  mine  “tremors”  (earthquake-like  events  induced  by  mining 
activity)  in  the  Upper  Silesian  Coal  Basin  in  Poland.  The  events  analyzed  were  initially  mislo- 
cated  because  of  phase  misidentification  by  the  Intelligent  Monitoring  System  (IMS,  Bache  et  cd, 
1990),  and  provide  an  illustration  of  the  problems  that  will  be  encountered  in  a  future  global  mon¬ 
itoring  system.  The  coal  basin  has  several  features  that  would  be  of  concern  if  such  events 
occurred  in  or  near  a  country  identified  as  a  potential  nuclear  proliferaton 

•  The  mine  tremors  in  the  Upper  Silesian  Coal  Basin  are  sizeable,  with  ML»1.5-3.5,  which 
includes  the  magnitude  range  expected  for  a  fully  or  partly  decoupled  1  kiloton  nuclear  explosion. 

•  Mine  tremors  are  of  general  interest  to  nuclear  monitoring  research  because  in  some 
areas  they  can  be  generated  in  a  planned  way  (triggered  by  small  blasts),  and  as  a  result  might  be 
used  to  help  conceal  simultaneously  detonated  decoupled  nuclear  shots. 

•  The  Upper  Silesian  Coal  Basin  is  close  to  the  border  between  Poland  and  the  Czech 
Republic.  As  a  result,  events  are  erroneously  located  in  a  wrong  country  if  seismic  ph.  s  are 
incorrectly  interpreted  by  the  IMS.  Under  a  Comprehensive  Test  Ban  Treaty  (Cl'BT)  raonAtoring 
regime,  this  could  lead  to  “false  alarms”  where  suspicious  events  are  mistakenly  located  in  a 
country  in  which  they  had  not,  in  fact,  occurred. 


Research  Accomplished 

Upper  Silesian  Coal  Basin  (The  followint  two  paragraphs  are  derived  from  letters  from  Dr. 
P.  Wejaez  and  Dr.  S^J.  Gibowicz  of  the  Polish  Academy  of  Sciences) 

In  the  Upper  Silesian  Coal  Basin  there  are  approximately  50  underground  mines  within  a 
40  km  radius  of  the  city  of  Katowice.  Exploitation  of  the  coal  is  made  by  the  longwall  mining 
method  in  which  a  pilot  tunnel  of  a  few  hundred  meters  length  is  first  drilled  and  several  long- 
walls,  each  of  about  a  hundred  meters  length,  are  extended  to  the  sides.  Generally,  the  excavated 
space  is  not  backfilled,  except  when  it  is  in  the  vicinity  of  an  important  mining  installation.  The 
mining  is  carried  out  at  many  levels,  reaching  1200  ra  underground  at  one  mine 

Strong  seismic  events  often  occur  when  the  working  face  crosses  a  remnant  in  a  layer 
above,  such  as  a  dike.  Some  mines  use  blasts  for  construction  of  the  pilot  tunnels,  but  the  charges 
are  not  large  enough  to  be  registered  at  regional  distances.  Preventive  blasts  are  also  sometimes 
used.  If  a  gap  in  seismicity  is  observed,  a  preventive  blast  may  be  ordered  for  the  purpose  of  off¬ 
setting  a  strong  event.  All  events  of  energy  above  10^  joules  are  well-located  horizontally  by 
underground  seismic  networks  operated  by  the  mines.  The  horizontal  location  errors  may  be  dif 
ferent  at  different  mines,  but  in  most  cases  do  not  exceed  ±  20  meters.  Depth  determination  is 
poorly  constrainef"  as  the  seismic  instruments  are  generally  all  located  at  the  same  level  as  the 
mining  operation.  Usually  it  is  assumed  that  the  events  take  place  at  the  mining  level. 

Figure  1:  Geographic  location 
of  Upper  Silesian  Coal  Basin.  Fre¬ 
quent  mining-induced  tremors  in 
Poland  take  place  in  two  regions: 
the  Lubin  Copper  Basin  between 
the  cities  of  Legnica  and  Glogow; 
and  the  Upper  Silesian  Coal  Basin 
centered  around  the  city  of  Katow¬ 
ice.  Radii  of  the  rings  centered  on 
the  Upper  Silesia  area  are  40  - 100 
km.  Mining-induced  events  also 
occur  on  the  Czech  side  of  the  bor¬ 
der  near  the  town  of  Ostrava  (P. 
Firbas,  personal  communication). 
A  third  area  of  potentially  large 
mining-induced  events  is  near  the 
city  of  Belchatow,  but  no  large 
tremors  have  occurred  in  that  area 
in  the  last  three  years. 

Use  of  Gamma  Network  for  Regional  Calibration 

In  early  1993  S.  J.  Gibowicz  provided  a  list  of  well-located  mining  induced  tremors  from 
the  Upper  Silesian  Coal  Basin  for  the  first  six  months  of  1991.  Figure  2  shows  the  location  of 
these  275  events.  While  there  appears  to  be  distinct  spatial  distribution  and  groupings  of  the 
events,  individual  mines  are  not  identified  by  name  in  the  list.  The  events  were  accurately  located 
by  underground  seismic  networks  operated  by  the  mines  for  the  purpose  of  monitoring  their  own 
events.  These  networks  constitute  the  simulated  “Gamma”  network. 
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Figure  2:  Gamma  (ground-truth)  information  for  275  events  from  the  Upper  Silesian  Coal 
Basin,  (a)  Event  locations  based  on  mining  seismic  networks.  Rings  have  radii  of  40-100  km, 
centered  on  the  average  latitude  and  average  longitude  of  the  275  events,  (b)  magnitude  distti- 
bution,  ML,  calculated  by  Gibowlcz.  Bar  on  left  represents  events  with  no  calculated  Ml,  but  are 
estimated  between  2.0  and  23.  (c)  Diurnal  event  distribution.  Some  events  are  triggered  by  small 
blasts,  usually  detonated  during  shift  changes,  (d)  Day-of-week  distribution. 

Re-analysis  of  Alpha  with  knowledge  from  Gamma 

A  total  of  31  events  resulted  from  a  search  for  events  common  to  both  the  Gamma  and 
Alpha  bulletin.  The  majority  of  the  Alpha  locations  fail  40-100  km  short  of  the  corresponding 
Gamma  locations.  The  first  detected  phase  at  GERESS,  3.7  degrees  firom  the  events,  was  consis- 
tendy  interpreted  as  Pn  in  the  Alpha  bulletin. 

After  carefully  re-analyzing  these  events,  it  was  determined  that  the  first  detected  phase  at 
GERESS  is  not  Pn.-The  Pn  phase,  due  to  its  emergent  quality  and  small  ampiimdc,  was  not 
detected  at  GERESSIfor  any  of  these  events.  The  first  detected  phase  was  Pg.  This  observation 
was  confirmed  by  the  velocity  calculated  by  the  automatic  signal  processing  routine  (SIGPRO)  as 
being  between  6.1  and  6.9  km/s,  and  by  the  improvement  in  location  when  the  correct  phase  iden¬ 
tification  is  used  in  calculating  the  location.  Figure  3  shows  the  locations  of  these  events  before 
and  after  re-analysis  compared  to  the  locations  provided  by  the  Gamma  network.  The  average 
location  error  in  the  Alpha  bulletin  of  50  km  was  reduced  to  19  km.  Although  other  changes  were 
made  during  re-analysis,  such  as  re-timing  the  Lg  phase  or  adding  the  Pn  phase  where  visible,  the 
primary  factor  in  improving  the  locations  was  the  correct  identification  of  the  initial  P  phase 
detected  at  GERESS. 
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Figure  3:  Results  of  careful  re-analy¬ 
sis  of  31  events  from  the  Alpha  bulletin 
with  matching  Gamma  information. 
Rings  have  radii  of 40-100  km  The  aver¬ 
age  distance  between  Alpha  locations 
(circles)  and  Gamma  locations  (crosses) 
is  50  km.  The  locations  after  re-analysis 
(squares)  have  an  average  distance  error 
of  19  km.  Eleven  epicenters  moved  from 
the  Czech  Republic  into  Poland.  Loca¬ 
tion  scatter  in  the  NW-SE  direction  is 
due  to  azimuth  error.  Location  spread  in 
the  NE-SW  direction  is  due  to  scatter  in 
time  picks.  The  event  farthest  to  the  east 
was  located  by  NORESS  and  ARCESS 
without  GERESS  contribution.  For  all 
other  events,  which  were  recorded  at 
GERESS,  the  primary  factor  in  improv¬ 
ing  location  was  to  correct  the  identifica¬ 
tion  of  the  first  detected  P  phase. 


Since  Pg  is  the  first  detected  arrival  at  distances  where  Pn  is  assumed  to  be  first,  the  phase 
was  consistently  misidentified  as  Pn  both  by  the  Expert  System  Association  and  Location  pro¬ 
gram  (ESAL)  and  the  many  analysts  involved  in  processing  the  data.  Other  authors  have  docu¬ 
mented  similar  distance  errors  due  to  misidentification  of  the  first  detected  P  phase  at  NORESS 
when  the  Pn  phase  is  undetected  (VogQord  and  Langston ,  1990;  Baumgardt  and  Ziegler,  1988). 

Calibration  of  Alpha  station 

Of  the  31  re-analyzed  Alpha  events  described  in  the  previous  section,  14  simply  had  the 
wrong  phase  identification  for  the  first  arrival  with  no  other  compounding  errors.  This  group  of 
14  events  was  used  as  a  “control”  group  to  characterize  this  error  and  to  quantify  the  effect  of  this 
one  error  on  location.  The  characteristics  of  the  14  “control”  events  are:  velocity  of  6.53  ±  0.41 
km/s  for  the  phase  labeled  “Pn”;  azimuth  66.2  ±  4.2  degrees  for  the  phase  labeled  “Pn”  (true  sta- 
tion-to-event  azimuth  averages  65.6  degrees);  and  Alpha  magnitude  range,  ML,  between  2.3  and 
2.7  (the  corresponding  Gamma  ML  range  is  2.6  -  3.0). 

The  effect  ofTDnecting  only  the  phase  name  of  the  first  arrival  was  tested  on  the  “control” 
group.  Pn  was  renamed  Pg  and  the  events  relocated.  Figure  4  shows  the  locations  before  and  after 
this  test  Tlie  relative  locations  are  the  same,  but  all  events  moved  49  km  away  from  GERESS  in 
the  direction  of  the  estimated  station-to-event  azimuth.  The  new  locations  were  calculated 
exactly  as  in  the  Alpha  bulletin  except  for  the  phase  names.  Thus,  any  errors  in  azimuth  and  Lg  - 
Pg  time  still  are  apparent  in  the  location  scatter. 

Based  on  the  characteristics  of  the  “control”  events,  a  larger  set  of  events  was  selected  in 
order  to  estimate  the  number  of  events  in  the  Alpha  bulletin  from  this  area  which  may  be  subject 
to  the  same  phase  misidentification  as  described  above.  A  total  of  96  events  fit  the  criteria  derived 
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Figure  4:  Relocation  of  "corjrol” 
group.  The  control  group  is  the  subset  of 
14  events  from  the  31  re-analyzed  events 
which  had  the  simplest  phase  identifica¬ 
tion  errors:  Pg  misidentified  as  Pn. 
Small  squares  are  original  locations  in 
AlphM  bulletin.  Large  squares  are  loca¬ 
tions  after  reinterpreting  Pn  as  Pg.  The 
average  relocation  vector,  R,  has  magni- 
mde  49  km  and  direction  70  degrees. 
Events  have  the  same  relative  location 
before  and  after  the  relocation  test  but 
are  shifted  away  from  GERESS  in  the 
directions  of  the  station  to  event  azimuth. 
New  locations  were  calculated  exactly  as 
in  the  Alpha  bulletin  except  for  the  phase 
names.  Scatter  in  locations  due  to  azi¬ 
muth  and  Lg-Pg  time  remains.  This  test 
quantifies  the  effect  of  the  one  error  com¬ 
mon  to  all  events  in  the  set  of  31. 


from  the  “control”  events.  The  relocation  test  on  this  larger  group  of  events  was  not  as  simple  as 
the  “control”  group  because  almost  half  of  the  events  had  compound  phase  identification  errors  in 
addition  to  the  simple  case  where  Pg  was  misidendfied  as  Pn.  Events  were  sorted  by  their  charac¬ 
teristic  problems  into  the  5  groups  shown  in  Table  1. 


Table  1:  Phase  Identification  Corrections  for  Re-location  Test 


Group,  based  on  Alpha  phase  identification 

Members 

phase  id  corrections 

Pn,  Pg,  Lg  -  analyzed  correctly 

3 

no  changes 

Pn,Lg 

57 

Pn  ->  Pg 

Pn,  Pg,  Lg  -  P’s  picked  late 

4 

Pn  ->  Pg,  Pg  ->  Px 

Rg 

20 

Pn  ->  Pg,  Rg  ->  Sx 

_  Sn 

12 

Pn  ->  Pg,  Sn  ->  Sx 

Figure  5  shows  the  locations  before  and  after  the  relocation  test  As  expected,  the  main 
effect  was  to  shift  events  away  from  GERESS.  The  number  of  events  inside  the  smallest  ring  (40 
km  radius)  increased  from  16  to  57.  All  other  events  are  considered  outliers  and  have  various 
explanations  for  their  locations.  Events  that  are  farther  from  GERESS  generally  have  an  Lg  time 
that  is  picked  late.  Events  north  and  south  of  the  40  km  ring  generally  have  azimuth  errors.  The 
closer  events  have  an  Lg-Pg  time  that  is  smaller  than  the  57  events  inside  the  ring.  These  closer 
events  may  in  fact  be  located  in  the  Czech  Republic  near  the  Ostrava  mining  region  or  other  mine 
or  quarry  sites.  In  the  case  that  they  do  belong  in  one  of  these  other  regions,  their  location  is  also 
improved  significantly  by  the  correct  phase  identification  of  the  first  arrival  at  GERESS. 
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Figure  5:  Relocation  test 
on  96  events  selected  from 
Alpha  bulletin  based  on  char¬ 
acteristics  of  the  14  "control” 
events  in  Figure  4.  (a)  Loca¬ 
tions  from  Alpha  bulletin,  (b) 
Locations  after  making  the 
phase  identification  correc¬ 
tions  in  Table  1  while  keeping 
all  other  location  parameters 
constant.  The  main  effect  on 
locations  is  to  shift  the  events 
away  from  GERESS.  The  num¬ 
ber  of  events  inside  the  small¬ 
est  ring  (40  km  radius) 
increased  from  16  to  57. 
Events  outside  of  the  40  km 
ring  are  considered  outliers. 
Additional  phase  identifica¬ 
tion  errors  for  events  associ¬ 
ated  with  this  area  have  been 
documented,  such  as  the  iden¬ 
tification  of  Rg  and  Sn  phases 
which  are,  in  general,  not 
observed  at  GERESS  from  the 
Upper  Silesian  mining  area. 


Conclusions  and  Recommendations 

The  use  of  knowledge  from  Gamma  networks  in  an  effort  to  improve  automatic  locations 
produced  by  Alpha  networks  has  been  outlined  in  this  simulated  case  smdy.  The  seismic  events 
are  mining-induced  tremors  from  an  underground  coal  mine  at  a  distance  of  about  3.7  degress  N- 
NE  from  GERESS.  Local  magnitudes,  ML,  are  estimated  to  be  between  2.0  and  3.8.  Careful  re- 
analysis  of  31  events  with  the  aid  of  Gamma  information  confirmed  that  the  first  detected  arrival 
at  GERESS  for  thes^vents  is  the  Pg  phase.  The  FK- velocity  of  this  phase  is  between  6.1  and  6.9 
km/s.  However,  since  Pg  is  the  first  detected  arrival  at  distances  where  Pn  is  usually  assumed  to  be 
first,  the  phase  was  consistently  misidentified  as  Pn  both  by  the  Expert  System  Association  and 
Location  program  (ESAL)  and  the  many  analysts  involved  in  processing  the  data.  Based  on  a 
relocation  test  of  14  “control”  events,  the  mislocation  due  to  this  error  alone  is  about  50  km.  This 
misidentification  of  phase  type  can  now  be  avoided  since  we  have  confirmed  that  the  FK-velocity 
for  this  phase  at  GERESS  is  consistent  for  Pg  and  is  a  dependable  indicator  of  phase  type.  There¬ 
fore,  we  are  able  to  recommend  a  modification  to  the  rules  of  ESAL  allowing  the  first  detected 
phase  to  be  properly  identified  as  Pg,  based  on  automatically  calculated  phase  parameters. 
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As  the  load  on  the  automatic  system  increases,  it  becomes  critical  to  reduce  the  analyst’s 
interactions  with  repeatable  events  such  as  the  mine  tremors  used  in  this  study.  The  process  of 
building  enough  Confidence  in  an  automatic  system  to  rely  completely  on  its  location  can  be 
quickened  by  utilizing  Gamma  information  for  assessing  and  improving  location  accuracy  of  the 
Alpha  network.  In  this  study,  we  have  shown  how  Gamma  information  serves  as  a  guide  to  which 
phase  parameters,  automatically  calculated,  are  reliable  and  robust.  Once  the  locations  and  phase 
identifications  arc  correct  in  an  automatic  sense,  they  can  be  further  refined  by  other  methods. 

Correct  phase  identification  and  location  impacts  performance  of  automatic  event  identifi¬ 
cation  programs.  These  programs  often  compute  spectral  content  in  a  small  window  centered  on  a 
particular  phase.  If  correct  phase  identification  and  timing  do  not  result  from  the  location  proce¬ 
dures,  then  the  event  identification  stages  of  the  monitoring  program  will  suffer  from  false  infor¬ 
mation,  or  at  the  least,  will  be  slowed  down.  This  case  study  has  resulted  in  the  following 
recommendations: 

•  Use  slowness  estimates  for  the  P-phase  identification.  Alow  the  expert  system  to  over¬ 
ride  the  rule  that  the  first  P-phase  for  events  beyond  the  cross-over  distance  is  Pn  for  events 
detected  at  GERESS  when:  (1)  the  firet  arrival  azimuth  is  between  62  ®  and  70.4  °  and  (2)  the  first 
arrival  velocity  is  between  6.2  and  6.9  km/s.  We  antic 'pate  that  this  rule  applies  to  other  clusters  in 
the  vicinity  and  will  verify  this  assumption  through  additional  smdies. 

•  Use  the  best-recorded  phases.  GERESS  recordings  of  events  from  tlie  Upper  Silesian 
Coal  Basin  show  that  the  most  reliable  and  dependably-picked  phase  is  Pg  and  that  Pn  is  not  nec¬ 
essary  for  location.  Similarly,  Gibowicz  (1987)  used  events  from  the  Lubin  Copper  Basin  to  eval¬ 
uate  the  NORESS  array  and  found  that  the  Sn  phase  was  the  best  recorded  secondary  phase 
because  of  Lg  blockage  by  the  Toraquist-Teisseyre  tectonic  zone.  In  that  case,  the  automatic  sys¬ 
tem  had  misidentified  Sn  as  Lg  for  a  location  error  of  up  to  340  km.  This  has  since  been  corrected. 

•  Continue  use  of  Gamma  information  to  improve  automatic  locations.  Studies  such 
as  the  one  outlined  here,  using  Gamma  information,  should  be  an  ongoing  part  of  the  IDC  and 
will  prove  especially  valuable  in  new,  uncalibrated  areas  where  sensitive  regional  arrays  are 
installed. 
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OBJECTIVE 

One  of  the  primary  problems  associated  with  monitoring  worldwide  nuclear 
proliferation  is  the  problem  of  distinguishing  seismically  between  small  eeirthquakes 
cind  explosions.  Usual  methods  of  classification  are  based  on  minimizing  a  loss 
function  which  in  its  most  straightforward  application  results  in  the  minimization  of 
the  sum  of  the  misclassification  errors.  However,  in  the  current  application,  the  error 
of  classifying  an  explosion  as  am  earthqueike  is  far  more  serious  than  the  reverse,  i.e. 
an  eairthquake  as  an  explosion.  Therefore  it  is  absolutely  necessciry  to  fix  the  error  of 
the  former.  The  objective  of  this  reseeirch  is  to  develop  a  clcissification  rule  for  which 
one  of  the  misclassification  probabilities  can  be  controlled,  and  that  can  also  be 
applied  to  any  mixture  of  continuous  and  discrete  veiriables  for  which  the  likelihood 
function  is  defined. 


RESEARCH  ACCOMPLISHED 

The  t3q)ical  setting  in  classification  anaJysis  involves  the  classification  of  a  vector 
observation,  x,  as  belonging  to  the  multivariate  population  Xj  or  7r2,  given  training 
samples  4^^)  •••  »  2^1  and  4^^,  4^^  •••5  4i^^  from  Tr^  and  tTj  respectively.  For 

purposes  of  this  discussion  we  assume  that  ttj  is  ftie  population  of  explosions  and  r,  is 
the  population  of  earthquakes.  Meiny  of  the  staindard  classification  procedures  such  as 
Anderson’s  W  (see  Andeison,  1984)  cire  based  on  the  further  cissumptions  that  the 
populations  cire  multivariate  normal  and  that  these  multivariate  normal  populations 
have  covariance  matrices  that  are  equal  to  each  other.  These  classification 
techniques  are  not  appropriate  for  the  problem  of  discriminating  between  earthquakes 
and  explosions  for  several  reasons.  First,  as  mentioned  in  the  objectives  section  of 
this  report,  in  the  problem  of  interest  here,  one  of  the  probabilities  of  misclassification 
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is  extremely  important,  eind  straightforweird  application  of  the  classification  procedure 
does  not  provide  the  ability  to  control  a  particular  misclassification  error.  Second, 
the  classification  of  earthquakes  and  explosions  involves  important  discrete  variables 
such  as  day  of  the  week  and  binary  variables  such  as  a  characterization  of  the  region 
as  seismic  or  non 'seismic.  For  these  reasons  it  is  necessary  to  develop  new  techniques 
for  classifying  in  this  setting. 

Actually,  although  the  statistical  problem  here  has  the  characteristics  of  a 
classification  problem,  it  is  technically  a  hypothesis  testing  problem  because  of  our 
desire  to  fix  a  particular  misclassification  error.  Let 

P{2|1)  =  probability  of  classifying  s’j  when  in  fact  . 

Then  P(2|l)  is  the  misclassification  error  of  primary  interest,  i.e.  the  error  of 
classifying  an  explosion  as  an  earthquake.  (Ultimately,  of  course,  our  concern  is 
misclassi^dng  a  nuclear  explosion.  In  that  event  Tj  =  nuclear  explosions  and 
TTj  =  conventional  explosions.)  Since  P(2|l)  is  our  primary  concern,  we  fix 
P(2|l)  =  Q,  where  a  is  preassigned,  by  testing  the  following  hypotheses  at  the 
100(1  —a)%  significance  level: 


vs 


Hq:  I,  ,  4^’  e  Ti;  ... ,  6 


Hi:  ... ,  4^)  6:ri;  x,  ,  4^^  €  ^2 


When  and  are  normal  populations  with  equal  covariance  matrices,  Anderson 
(1984)  and  John  (1960,  1963)  have  considered  a  similar  hypothesis  testing  approach, 
and  using  results  by  Kanazawa  (1979),  it  is  possible  to  obtain  asymptotic  critical 
values  for  this  test  that  control  P(2|l),  Additionally,  Anderson  (1973)  has  given 
asymptotic  results  that  also  provide  asymptotic  critical  values  for  Anderson’s  W. 
However,  the  need  exists  for  a  classification  procedure  that  controls  the 
misclassification  probability  but  at  the  same  time  is  applicable  in  more  general 
settings  including  the  case  in  which  the  covariance  matrices  are  unequal  and  the  case 
in  which  some  of  the  variables  are  discrete.  Krzcinowski  (1980,  1982)  considered  a 
mixture  of  continuous  and  discrete  variables,  but  his  results  do  not  provide  for  the 
control  of  P(2|l), 

Back,  Gray,  and  Woodward  (1993)  have  extended  the  procedure  to  provide  a 
classification  procedure  which  controls  this  misclassification  probability  in  a  more 
general  setting.  Specifically,  they  use  a  bootstrap  of  the  generalized  likelihood  ratio 
in  such  a  way  Mat  it  is  not  necessary  to  assume  normality  or  even  continuous 
component  variables.  Thus,  data  can  be  a  mixture  of  continuous  and  discrete 
observations.  For  i  =  1,  2,  let  fl^x  \  denote  the  probability  or  probability  density 
function  evcduated  at  if  i  comes  from  population  tt;,  where  is  the  set  of 
unknown  par<imeters.  The  components  of  X  may  be  all  discrete,  edl  continuous,  or 
mixture  of  discrete  eind  continuous  variables.  The  genercilized  likelihood  ratio  is  given 
by 

/.(*  I  I  I 
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where  is  the  Maximum  Likelihood  Estimate  (MLE)  of  under  Hq  and  is  the 
MLE  of  under  Hi,  t  =  1,2.  Now  let  A  =  log(Li2).  It  intuitl/ely  follows  that  small 
values  of  A  provide  evidence  against  Hq.  and  thus  the  generalized  likelihood  ratio  test 
is  to  reject  Hq  if’ A  <  A^i.  where  A^^  is  chosen  to  provide  a  size  a  test. 

Let  P{\  <  Aq  I  Hq)  denote  the  size  of  the  Type  I  error,  and  P(A  >  Aq  |  HJ  denote  the 
size  of  the  Type  II  error  for  a  constant  A^^.  Then  P(\  <  I  Hq)  is  the  probability  of 
misclassification  P(2|l),  and  P(X  >  A^j  |  Hi)  is  the  probability  of  misclassification 
P(l|2).  Therefore  we  can  construct  a  classification  rule  which  can  control  one  of  the 
probabilities  of  misclassification  by  fixing  the  size  of  the  test  if  we  know  the 
distribution  of  A.  In  most  cases  it  is  difficult  to  obtain  the  exact  distribution  of  the 
test  statistic  A.  The  distribution,  however,  can  be  approximated  by  employing  the 
bootstrap  method  (Efron  1979,  1982). 

Since  the  form  of  the  probability  density  function  is  assumed  known,  the  bootstrap 
samples  cam  be  obtained  from  the  estimated  density  functions.  This  is  called  the 
parametric  bootstrap  (Efron  1979),  and  we  employ  it  in  this  study.  The  likelihood 
ratio  statistic  for  the  test  of  the  null  hypothesis  Hg  versus  the  alternative  Hi  can  be 

parametrically  bootstrapped  as  follows.  Bootstrap  samples  ...  , 

and  ...  ,  are  generated  randomly  from  densities  /i(aj0[)*^)  and 

respectively  where  and  axe  the  MLE’s  described  previously  obtained  from  the 
origined  training  samples.  A  “bootstrap”  value  for  A,  to  be  denoted  A*,  is  computed 
for  the  bootstrap  samples  using  (1).  This  process  is  repeated  independently  B  times, 
and  the  replicated  values  of  A*,  {Aj*}^^!,  evaluated  from  the  successive  bootstrap 

samples,  can  be  used  to  assess  the  true  null  distribution  of  A.  In  particular,  the  ath 
empiricd  quantile  of  {Ajjj^i,  denoted  by  A^,  will  essentially  approach  X^^,  the  true 
critical  value  for  the  test  of  size  or,  for  large  and  B  tends  to  infinity.  Thus  we 
use  Aq  as  a  critical  value  for  the  test  of  size  a.  Therefore,  we  allocate  the  observation 
I  to  :r2  if  A  <  Aq,  and  to  Trj,  otherwise  where  A  is  the  log- likelihood  ratio  calculated 
from  the  actued  data. 

Baek,  Gray,  end  Woodward  (1993)  used  a  simulation  study  to  investigate  this 
bootstrapping  procedure.  This  procedure  was  applied  in  three  situations:  (1)  the 
distributions  within  each  population  axe  multivariate  normal  and  the  associated 
covariance  matrices  axe  equal,  (2)  the  distributions  are  multivariate  normal  with 
unequal  covariance  matrices,  and  (3)  the  multivariate  distributions  involve  a  mixture 
of  binary  and  normal  component  variables.  In  the  simulations  the  bootstrap 
procedure  was  examined  to  determine  how  close  simulated  estimates  of  P(2ll)  were  to 
the  theoretical  misclassification  probability.  In  all  cases  the  simulation-based 
estimates  were  close  to  the  true  value  of  P(2|l).  Simulations  were  also  run  to 
estimate  the  powsr  of  the  test,  i.e.  to  estimate  P(2|2),  the  probability  of  clcissifying  an 
observation  as  being  from  7r2  when  in  fact  it  belongs  to  ttj.  As  mentioned  previously, 
classification  procedures  are  avcdlable  in  the  literature  that  fix  the  misclassification 
error  in  case  (1).  The  bootstrap  technique  was  compared  with  these  known  results  in 
this  case  and  gave  similar  results  in  terms  of  power.  In  cases  (2)  emd  (3)  there  are  no 
competing  techniques  with  which  to  compare  our  results.  Our  simulations  indicated, 
however,  that  the  bootstrap  procedure  also  performs  well  in  these  cases.  Details 
concerning  these  simulations  will  be  shown  at  the  poster  session. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


We  recommend  that  the  bootstrap  classification  procedure  be  used  for  seismic- based 
classification  of  events.  This  procedure  is  recommended  because  it  allows  the  ability 
to  control  one  of  the  misclassification  probabilities,  it  is  general  enough  to  apply  to 
multivariate  distributions  which  are  a  mixture  of  continuous  and  discrete  variables, 
and  simulations  show  that  it  performs  well. 
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OBJECTIVES 

The  prim^  objective  of  our  research  is  to  determine  the  velocity  structure  beneath  three- 
component  seismic  stations.  Emphasis  is  given  to  the  interpretation  of  depths  and  average  velocity 
structure  to  the  upper  mantle  discontinuities.  We  have  employed  the  velocity  spectrum  stacking 
(VSS)  technique  derived  from  reflection  seismology  to  the  interpretation  of  receiver  functions. 
Using  Ais  technique,  we  image  the  upper  mantle  discontinuities  by  stacking  receiver  functions 
from  different  ray  parameters  after  applying  a  moveout  correction.  The  velocity  spectrum  is  a 
contour  map  of  stacked  amplitudes  on  the  receiver  functions  as  a  function  of  depth  and  velocity. 
The  depth- velocity  pair  which  produces  the  most  coherent  arrival  on  the  VSS  is  presumed  to 
indicate  the  correct  velocity  structure  to  the  given  discontinuity.  This  depth  estimate  can  be  biased 
as  a  result  of:  noise  in  the  original  receiver  functions;  bias  in  the  distribution  of  receiver  functions 
as  a  function  of  ray  parameter,  smearing  as  a  result  pf  the  trade-off  between  depth  and  velocity  in 
computing  the  moveout  correction;  the  fact  that  different  combinations  of  Vp  and  Vs  result  in 
similar  moveout  curves  which  can  produce  significant  secondary  peaks,  "ghosts";  etc.  To 
determine  the  confidence  of  a  given  depth-velocity  estimate  we  employ  a  bootstrap  technique  in 
which  we  compute  thousands  of  VSS  by  resampling  the  data  —  each  time  picking  the  combination 
'  of  parameters  that  produces  the  largest  peak.  Our  process  of  computing  the  VSS  has  been 
described  previously  (Gurrola  et  al.  1993,  Gurrola,  et  al.,  1992),  as  a  result  the  emphasis  of  this 
report  is  to  describe  the  manner  in  which  we  employ  the  bootstrap  to  determine  the  velocity 
structure  beneath  a  seismographic  station. 

Research  Accomplished 

The  velocity  spectrum  stack 

The  functional  dependence  of  arrival  times  on  ray  parameter  p,  relative  to  a  reference  phase 
with  ray  parameter  po  is  called  the  “moveout”  (Sheriff  1982).  The  “normal  moveout  correction” 
(NMO)  then  refers  to  the  time  adjustment  necessary  to  correct  the  arrival  time  to  what  would  have 
been  observed  for  a  vertically  incident  ray,  irrespective  of  amplitude,  assuming  a  given  velocity 
structure.  Figure  1  shows  synthetic  receiver  functions  computed  for  plane  P  waves  with  ray 
parameters  from  0.04  to^.08  s  km*^  traveling  through  PREM.  Each  was  low  pass  filtered  with  a 
comer  frequency  of  O.STIz,  comparable  to  typical  observations.  The  dashed  lines  are  true  NMO 
curves  for  the  P-to-S  converted  phase  (Ps)  from  the  respective  upper  mantle  discontinuity 
produced  by  raytracing  through  PREM.  The  P2pls  and  Plp2s  are  phases  composed  of 
reverberations  ending  in  an  s  leg  (the  number  preceding  the  small  p  and  s  indcate  the  number  of  P 
and  S  legs  respectively).  The  solid  lines  are  the  moveout  curves  computed  by  replacing  PREM 
witli  a  layer  over  a  half  space  that  would  result  in  a  vertical  travel  time  equivalent  to  PREM. 

The  typical  “velocity  spectrum  stack”,  used  in  near  surface  reflection  studies  is  a  contour  map 
of  amplitudes  across  constant  velocity  stacks  (produced  by  stacking  the  observed  records  after 
NMO  assuming  a  uniform  velocity)  in  the  velocity-time  plane.  As  illustrated  in  Figure  1,  for 
depths  greater  than  400  km,  moveout  corrections  computed  in  this  manner  are  not  accurate.  For 
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Figure  1.  A  representative  display  of  the  80  low  pass  filtered  (comer  frequency  of  0.3  Hz)  PREM 
synthetic  receiver  functions.  The  moveout  curve  associated  with  Moho  and  upper  mantle 
discontinuities  are  labeled.  The  dashed  lines  are  the  true  moveout  curves  produced  by  raytracing 
through  PREM.  The  solid  lines  are  the  moveout  curves  computed  by  replacing  PREM  with  a  layer 
over  a  that  would  result  in  a  vertical  travel  time  equivalent  to  that  of  PREM. 

upper  mantle  depths  we  therefore,  compute,  by  raytracing  from  the  source  to  the  receiver,  the 
difference  in  the  arrival  time  of  the  P'Wave  and  the  arrival  times  of  the  would  be  converted  S-wave 
from  all  possible  depths.  In  this  manner,  we  compile  NMO  corrections  as  a  function  of  depth 
which  upon  stacking  enables  us  to  transform  the  receiver  functions  to  “reference  velodty  model 
stacks”  (RVMS)  with  amplitudes  as  functions  of  depth  rather  than  time.  By  multiplying  all 

velocities  of  the  reference  model  above  zi  by  a  constant  ot,  we  define  a  one-parameter  family  of 
models  close  to  the  reference  model.  A  VSS  is  then  constracted  by  contcoring  RVMS  produced 
for  a  range  of  values  of  a  close  to  1.  The  axes  of  the  VSS  are  depth  versus  "fraction  of  reference 

model"  cq  therefore,  to  any  phase  identified  on  the  VSS,  we  attach  a  velocity  described  as  a  certain 
fraction  or  percentage  above  or  below  the  reference  model  This  also  overcomes  errors  that  would 
be  introduced  as  a  result  of  the  assumption  of  a  planar  wave  front  typically  used  in  receiver 
function  studies. 

We  show  on  Figure  2  Ps  VSS  for  the  PREM  synthetics  depicted  in  Figiire  1.  The  left  fr^e 
was  computed  using  the  actual  PREM  P  and  S  velocities;  the  one  to  the  right  uses  P-velocities 
from  PREM  and  a  constant  value  of  Ry  =  Vp/Vs  =  1.825.  The  fact  that  these  plots  are  virtually 
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identical  justifies  a  posteriori  the  use  of  a  constant  value  fori?v  instead  of  a  depth-dependent  one. 
The  peaks  on  these  two  VSS  occur  for  a  =  1.0  and  at  the  e.xpected  670  km  depth. 


fraction  of  reference  PREM  fraction  of  reference  PREM 

Figure  2.  The  VSS  produced  from  the  PREM  synthetics  depicted  in  Figure  1.  The  VSSc  to  the 
left  was  computed  using  PREM  P  and  S  velocities  as  the  reference  model.  The  one  on  the  right 
was  computed  using  PF£M  P  velocities  and  Rv  =  1.825. 

Application  of  Bootstrap 

In  Figure  2,  we  observe  that  the  expected  Ps  phase  from  the  670  km  discontinuity  is  rather 
spread  out.  This  is  not  only  dependent  upon  the  width  of  the  Ps  conversion  on  the  receiver 
functions,  but  is  elongated  toward  the  low  velocity — shallow  depth  comer  of  the  VSS  as  a  result  of 
the  trade-off  between  depth  and  velocity  to  produce  similar  moveout  curves.  The  presumption 
underlying  the  VSS  technique,  however,  is  that  the  largest  value  on  the  peak  will  occur  when  the 
moveout  curve  for  the  correct  velocity-depth  pair  connects  the  centers  of  the  Ps  converted  phases 
on  all  the  receiver  functions.  Noise  effects  and  incomplete  data  sets  notwithstanding,  we  are 
interested  only  in  the  velocity-depth  pair  associated  with  the  largest  value.  For  the  VSS  generated 
from  PREM  synthetics  (Figure  2)  the  apex  occurs  at  the  expected  670  km  depth  at  1.0  times  the 
PREM  velocities.  This^not  a  very  conclusive  test  of  the  technique  considering  that  the  VSS  was 
computed  from  noise  free  synthetic  receiver  functions  distributed  evenly  over  the  entire  teleseismic 
range  of  ray  parameters.  To  determine  more  accurately  the  certainty  of  velocity  and  depth  estimates 
based  on  VSS,  we  have  performed  a  series  of  tests  using  an  adaptation  of  the  bootstrap  method 
(e.g.  Elfron,  1989).  Our  purpose  is  to  assess  the  variability  of  the  peak  position  with  (1)  data 
coverage,  particularly  sampling  over  the  teleseismic  ray  parameter  range,  (2)  noise  levels,  and  (3) 
interference  with  possible,  but  not  necessarily  identified  phases. 

We  added  4  to  8  percent  white  noise  to  each  of  the  synthetics  represented  by  Figure  1,  then 
computed  1600  different  VSS  resampling  (with  replacement)  the  80  synthetics.  Tlie  velocity — 
depth  pair  was  determined  for  the  highest  peak  on  each  of  these  16()0  VSS.  Figure  3  (VSSb) 
depicts  the  regions  on  the  VSS  in  which  80, 99  and  100  percent  of  these  velocity  depth  pairs  were 
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located  The  frames  oaihe  left  were  computed  using  PREM  synthetics  depicted  in  Figure  1  —  the 
synthetics  used  in  computing  tiie  frames  on  the  right  were  derived  from  a  modified  PREM  model 
which  excluded  the  220ian  discontinuity.  In  the  frame  to  the  left,  we  found  that  all  1600  of  the 
bootstrap  velocity — depth  pairs  fell  within  10  km  of  the  expected  670  km  depth.  Comparing  this 
with  the  frame  on  the  right,  in  which  all  the  depth  estimate  were  within  5  km  of  the  expected  670 
km  depth,  we  conclude  that  much  of  the  error  is  due  to  mis-stacking  between  the  Ps  from  the  670 
km  discontinuity  and  the  P2pls  from  the  220  km  discontinuity.  In  both  of  these  examples, 
however,  the  80  percent  of  the  bootstrap  depth  estimates  fall  within  2  km  of  the  expected  670  km 
depth. 
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Figure  3,  the  VSSb  on  the  left  depicts  the  bootstrap  results  of  depth — ^velocity  pairs  for  VSS 
computed  from  PREM  synthetics  with  4  to  8  percent  white  noise  added.  The  VSSb  on  the  right 
was  computed  from  a  modified  PREM  without  a  220  km  discontinuity.  Contour  levels  arc  80,99 
and  100  percent  of  the  1600  velocity  depth  pairs. 


UPPER  MANTLE  DISCONTINUITIES  AT  OBN 

Receiver  functions  for  the  ERIS/BDA  station  at  OBN  were  computed  using  data  collected  in 
1989-92.  The  station  is  equipped  with  a  broadband  three-component  system  with  response 
nominally  flat  with  respect  to  velocity  from  approximately  3  mHz  to  5  Hz.  We  used  teleseismic  P 
and  PP  phases  which,  due  to  the  uneven  distribution  of  source  regions  during  the  three  year  period 
covered  by  the  data,  primarily  sample  the  northeast  and  southeast  quadrants.  We  included  the  PP 
phases  to  improve  the  .azimuthal  distribution  of  the  data.  In  a  limited  data  set,  the  inclusion  of  PP 
arrivals  are  useful  in  VSS  studies  because  they  improve  ray  parameter  sampling.  The  broadband 
OBN  receiver  functionS"hre  dominated  by  reverberations  within  a  shallow  surface  layer,  and  in 
order  to  identify  phases  from  deeper  layers,  we  have  attenuated  the  contribution  of  the  near  surface 
structure  by  low-pass  filtering  these  data  using  a  phaseless  Gaussian  filter  with  a  half  power  width 
of  0.6  Hz.  We  also  applied  a  high-pass  filter  to  the  seismograms  in  order  to  counter  Ac  effects  of 
occasional  nonlinear  noise  problems  at  frequencies  below  20  mHz. 

Ps  phases  from  the  400  and  670  km  discontinuities  are  observed  in  Vss  produced  from  OBN 
data  (Gurrola  et.  al,  1992,  Gurrola  et.  al,  1993).  The  purpose  of  this  paper,  however,  is  to 
describe  the  bootstrap  technique  we  employed  to  determine  the  depth  to  the  discontinuities, 
therefore  we  will  confine  our  discussion  to  the  670  km  discontinuity. 

As  demonstrated  with  the  examples  above,  the  amplitude  of  the  peak  on  the  VSS  is  dependent 
on  three  variables:  P  velocity,  Vp/Vs  ratio  or  Rv,  and  depth.  The  VSS  is  simply  a  slice  through 
this  space.  A  vertical  slice  through  this  space  perpendicul^  to  the  VSS  would  be  a  contour  map  of 


128 


stacked  receiver  function  amplitudes  vs  depth  vs  Rv  (R^SS)  and  could  be  used  to  determine  the 
VpA^S  ratio  which  best  stacks  the  receiver  functions.  With  real  data  we  do  not  know  what  region 
of  this  space  the  correct  combination  of  these  three  parameters  lie.  The  VSS  method  would, 
therefore  be  most  powerful  if  one  of  these  parameters  were  provided  independently  by  an  other 
method.  For  example,  the  average  VpA^s  ratio  for  PREM  to  the  670  km  depth  is  about  1.83.  The 
VSS  of  the  left  in  Figure  4  depicts  the  velocity  (fraction  of  PREM) — depth  pairs  for  which  the 
largest  peak  was  produced  in  20000  realizations  (resamplings)  of  the  available  data.  From  this 
figure  we  determine  that  with  a  value  of  Rv  equal  to  that  of  PREM  about  90  percent  of  the  depth 
estimates  fall  between  640  and  670  km  and  about  half  of  them  fall  between  the  660  and  670  km. 
The  inferred  velocity  is  between  1.0  to  1.5  times  that  of  PREM.  These  results  are  well  within 
global  depth  estimates  of  the  670  km  discontinuity  by  Shearer  and  Masters  (1992)  and  velocity 
estimates  determined  by  tomography  Masters  (personal  comm.).  Figure  4  also  depicts  the  depth 
vs.  Rv  estimates  from  20000  realizations  determined  from  RvSS  computed  by  adhering  strictly  to 
PREM  P-velocities.  Almost  90  percent  of  the  depth  estimates  were  greater  than  690  Im.  This  is 
beyond  the  depth  found  anywhere  in  the  world  by  Shearer  and  Masters  (1992);  as  a  result  we 
believe  that  the  higher  velocities  of  1.3  to  1.4  times  PREM  found  on  the  VSS  are  probably  closer 
to  the  truth. 


Figure  4,  the  VSSb  on  the  left  was  computed  from  20000  realizations  of  observed  data  from  OBN 
with  Rv=1.83.  The  RvSSb  on  the  right  was  computed  from  OBN  receiver  functions  using  PREM 
P  velocities.  ~ 

To  determine  if  it  would  be  possible  to  determine  all  three  parameters  (depth,  Rv,  and  fraction 
of  PREM),  we  computed  20000  sets  of  VSS  for  every  value  of  Rv  from  1.7  to  1.9.  In  each 
realizations,  we  searched  for  the  combination  of  parameters  which  produces  the  largest  amplitude 
on  the  stacked  receiver  functions.  Nearly  half  of  the  data  resulted  in  a  depth  estimate  of  about  663 
km,  with  Rv  =  1.85,  and  a  velocity  of  1.07  times  that  of  PREM  (Figure  5).  Smaller  peaks  were 
found  —  the  strongest  of  which  was  discussed  above  in  the  description  of  the  RvSS  depicted  in 
Figure  4.  From  a  similar  set  of  VSS  computed  from  synthetic  receiver  functions  (Figure  1)  we 
determined  that  these  side  peaks  are  expected  and  result  from  mis-stacking  of  unevenly  distributed 
data.  Figure  5  depicts  3  slices  through  the  major  peak  of  the  velocity — Rv — depth  picks  from  the 
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above  20000  sets  of  VSS;  the  velocity — depth  estimates  are  compiled  on  the  upper  left  VSSb;  the 
Rv — depth  estimates  arc  depicted  on  the  upper  right  RvSSb;  tiie  lower  left  panel  is  a  compilation  of 
the  Rv — velocity  estimates  at  a  constant  depth  of  about  663  km.  On  each  of  the  panels  in  Figure  5, 
the  confidence  levels  are  based  exclusively  on  the  estimates  (depth,  Rv  and/or  velocity)  that  fell  on 
that  particular  plane  and  arc  r'  ercforc  conditional  estimates.  The  depth  estimate  from  the  constant 
VSSb  for  this  value  of  Rv  is  ot  as  well  constrained  as  that  found  on  the  VSSb  computed  with 
/?v=1.83.  There  are  2  major  peaks  on  the  /?vSSb  depicted  in  Figure  5.  We  believe  that  the 
shallow  peak  at  about  625  km  is  an  artifact  of  misstacking  because  it  indicates  a  depth  much 
shallower  than  found  by  Shearer  and  Masters  (1992).  The  peak  centered  at  the  663  km  depth  on 
the  other  hand  is  fairly  sharp  and  agrees  well  with  the  depth  of  the  major  peak  on  the  VSSb.  The 
values  of  Rv  and  velocity  determined  from  the  constant  depth  plane  (lower  right  on  Figure  5)  arc: 
Rv  between  1.8  and  l.86;  velocity  between  1.0  and  1.8  times  PREM. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Through  the  use  of  velocity  spectrum  stacks  we  can  stack  receiver  functions  calculated  from 
data  with  different  ray  parameters,  and  by  doing  so  infer  velocity  structure  beneath  the 
seismographic  station.  This  technique  can  be  used  to  distinguish  between  a  Ps  phase  and  a  P2pls 
reverberation  based  on  differences  in  the  shapes  of  their  respective  moveout  curves.  The  method 
looks  most  promising  for  the  interpretation  of  upper  mande  structure.  The  shape  of  the  moveout 
curve  for  a  particular  phase  is  dependent  on  the  depth  of  the  interface  from  which  it  originates  and 
the  velocity  structure  above  the  interface.  In  order  to  compute  moveout  for  the  curved  ray  path  of 
Ps  phases  for  upper  mande  discontinuities,  we  trace  rays  through  a  reference  model  and  infer  a 
fractional  difference  between  the  reference  model  and  the  structure  necessary  to  satisfy  the  data.  It 
should  be  clear  from  the  examples  above  that  the  depth  of  an  interface  from  which  the  phase  of 
interest  originated  is  poorly  constrained  by  the  VSS  method  unless  assumptions  arc  made  about  the 
velocity  structure  or  Ry.  For  OBN,  we  assumed  that  the  PREM  model  P*velocities  arc  reasonably 
close  to  the  truth  and  inferred  the  value  of  Rv,  depth  and  a  fractional  multiplier  for  the  PREM 
velocities.  In  doing  so,  we  amved  at  depth  estimates  for  the  670  km  discontinuity  beneath  OBN  to 
be  between  640  and  665  km  at  the  90  percent  confidence  level.  The  strongest  peaks  comprising 
more  than  a  40  percent  of  the  estimates  indicate  that  the  discontinuity  is  between  660  to  665  km 
depth.  Most  of  the  estimates  requLrc  a  Vp/Vs  ratio  of  between  1.8  to  1.86  and  a  velocity  model  of 
between  1.0  and  1.07  times  PREM.  Again  about  40  percent  of  the  depth  estimates  indicate  a 
Vp/Vs  ratio  between  1.83  and  1.85  and  a  velocity  between  1.04  to  1.07  times  PREM. 

We  will  continue  to  study  the  pattern  of  misstacking  of  the  data  in  an  effort  to  determine  if  the 
source  of  the  bias  can  be  determined  and  thereby  removed.  We  arc  applying  this  technique  to 
many  other  seismographic  stations  around  the  world  (IRIS/IDA  stations,  RSTN  stations, 
Grafenberg  stations,  etc.)  and  will  present  results  from  many  of  these  stations  at  the  conference. 
We  will  also  include  results  for  velocity  structure  determine  by  stacking  the  Ps  phase  from  the 
400  km  discontinuity.  This  method  will  be  most  useful  if  used  in  coordination  with  other  methods 
such  as  tomography  o^ surface  wave  dispersion  that  are  less  sensitive  to  discrete  velocity 
discontinuities.  •>» 
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Vp/Vs 


Figure  5,  The  upper  left  VSSb  was 
computed  using  Rv=1.85,  The  RvSSb  on 
the  upper  right  was  computed  using  1.07 
times  PREM  P  velocities.  The  panel  on  the 
lower  left  was  computed  for  a  constant 
depth  of  663  km  and  depicts  velocity  Rv 
pairs  derived  from  this  assumption.  All 
three  panels  depict  the  result  of  20000 
realizations  of  the  data. 
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OBJECTIVE 

High  frequency  body  waves  measured  at  surface  stations,  such  as  those  from  small  local 
events,  often  display  non-rectilinear  particle  motion  even  for  the  initial  arrivaL  This  deviation 
from  linear  motion  arises  from  two  causes:  the  steep  velocity  gradient  at  the  surface  and  scattering 
due  to  lateral  velocity  heterogeneities.  The  strongest  frequency  dependent  characteristics  of  polar¬ 
izations  are  in  generi  due  to  local  receiver  structure,  thus  they  provide  valuable  information  of 
the  site  response.  Using  a  simple  1-D  model  we  are  able  to  account  for  much  of  the  complexity  in 
the  polarizations  of  the  initial  P-arrival  recorded  at  Pinon  Flat  Observatory,  California. 

Small,  local  events  have  peak  energy  at  high  frequencies  (>  lOHz),  but  at  these  frequen¬ 
cies  the  waveform  characteristics  are  dominated  by  the  local  site  response.  Since  the  strongest 
gradients  in  velocity  arc  often  shallow,  less  than  60  meters,  borehole  sensors  provide  the  possibil¬ 
ity  of  better  observing  source  and  path  effects  of  small  events.  Frequency  dependent  polarization 
analysis  of  the  P-arrival  at  2  borehole  sensors  shows  a  strong  correlation  with  ray  parameter  esti¬ 
mate  from  event  locations.  The  dependence  on  ray  parameter  can  be  observed  at  frequencies  up 
to  30  Hz  indicating  the  borehole  sensors  contain  vduable  information  of  event  and  along  path 
parameters. 

RESEARCH  ACCOMPLISHED 
Experimern 

The  Small  Aperture  Array  1  (SAAl)  experiment  was  conducted  in  the  spring  of  1990  at 
Pinon  Flat  Observatory  (PFO)  in  the  desert  norA-east  of  San  Diego  to  study  wavefield  coherency 
for  local  and  regional  events.  PFO  was  chosen  for  its  geologically  simple,  hard  rock  stracture,  rel¬ 
atively  level  topography,  and  its  proximity  to  two  major  fault  zones  (Owens  et  aL  1991)(Figurc  1). 
The  array  consisted  of  60, 3-component,  L-22  velocity  sensors  with  a  flat  response  between  2  and 
100  Hz.  These  are  well  suited  to  record  local  events  which  typically  have  peak  energy  between  10 
and  30  Hz.  We  selected  119  events  out  of  the  268  local  earthquakes  recorded  during  the  experi¬ 
ment  From  these  events,  73  have  been  located  by  regional  networks  (Scott,  1992)  and  are  shown 
in  Figure  1.  The  rajTparameters  estimated  from  locations  range  from  0.11  to  0.17  s/km,  with  clus¬ 
ters  around  0.14  and  0.16  s/km. 

Polarization  Analysis 

We  are  interested  in  the  near  surface  seismic  structure  which  has  a  strong  frequency 
dependent  effect  on  the  wavefield,  and  thus  we  want  a  robust  estimate  of  the  frequency  depen¬ 
dence  of  the  polarizations.  Here  the  polarizations  were  determined  in  the  frequency  domain  using 
a  multi-taper  algorithm  (Thomson  1982)  to  estimate  the  spectral  density  matrix  (Park  et.  al.,  1987, 
Laske  and  Masters,  1992)  which  is  then  diagonalized  (Samson  1983)  and  is  referred  to  as  multi¬ 
taper  polarization  analysis  (MTPA).  Eigenvalue  decomposition  of  the  spectral  density  rnauix 
defines  a  coordinate  system  such  that  the  amplitude  of  a  single  linearly  polarized  pha^  appears  in 
only  one  eigenvalue  corresponding  to  an  eigenvector  which  points  in  the  direction  of  particle 
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morion.  In  our  casfi-ihe  spectral  density  matrix  contains  the  complex  spectra  for  each  instrument 
component  so  that  at  each  frequency  each  component  has  an  amplitude  and  phase,  and  thus  allows 
elliptical  particle  motion  to  be  considered  as  a  single  polarization  direction. 

To  describe  fully  the  particle  motion  ellipse  in  3-space  four  quantities  are  needed;  the  azi¬ 
muth,  incidence,  ellipricity,  and  tilt.  Here  we  are  primarily  concerned  with  the  initial  P-arrival  and 
a  1-D  model  so  only  the  two  quantities,  incidence  and  tilt,  are  of  interest.  The  incidence  angle  is 
defined  as  the  angle  that  the  major  axis  of  the  particle  motion  ellipse  makes  with  the  verticd.  The 
term  incidence  angle  is  somewhat  of  a  misnomer  since  the  major  axis  of  this  ellipse  need  not  be 
coincident  with  the  direction  of  propagation  which  is  certainly  the  case  for  5-waves,  and  as  it 
turns  out,  forP-waves  which  interact  with  the  upper  most,  low  velocity,  surface  layers. 

Modeling  Technique 

We  used  a  generalized  reflection  and  transmission  coefficient  method  to  calciuate  the  com¬ 
plete  response  of  a  stack  of  surface  layers  to  a  plane  wave  incident  firom  below  (Shearer  and 
Orcutt,  1987).  Varying  the  frequency  of  the  plane  P-waves  for  a  given  ray  parameter  allows  us  to 
calculate  the  frequency  dependent  polarization  directly,  or  a  time  domain  synthetic  can  be  pro¬ 
duced  and  used  as  input  to  the  MTPA.  Apparent  incidence  angles  can  be  calculated  at  any  depth 
desired. 

Results 


Apparent  incidence  angles  were  calculated  for  the  surface  stations  using  a  0.5  second  win¬ 
dow  surrounding  the  P-wave  arrival.  The  variations  of  the  polarization  across  the  array  are  large 
enough  that  some  sort  of  averaging  is  needed  to  obtain  results  that  are  representative  of  the  1-D 
response.  In  order  to  observe  the  general  properties  of  the  polarizations  without  having  to  assume 
anything  about  the  underlying  statistical  distribution  of  the  measurements,  histograms  were  made 
of  the  incidence  angle  estimates.  Figure  2a  shows  the  evolution  of  these  histograms  with  fre¬ 
quency  between  0  and  45  Kfr,  The  incidence  is  shallow  at  low  frequencies,  50-60®,  and  passes 
through  a  dramatic  transition  at  10-12  Hz  above  which  it  is  widely  scattered  around  0°. 

We  calculated  the  apparent  incidence  angle  using  a  simplified  version  of  the  velocity 
model  obtained  by  Fletcher  et  al,,  (1990),  from  borehole  logging  data  (Figure  2b)and  a  simple  two 
layer  attenuation  model  from  Aster  and  Shearer  (1991).  The  polarizations  were  calculated  using 
the  generalized  reflection/transmission  coefficient  method  described  above  and  are  shown  in  Fig¬ 
ure  2c  for  a  variety  of  surface  layer  thicknesses.  The  transition  occurs  at  approximately  the  fre¬ 
quency  which  corresponds  to  a  layer  thickness  equal  to  a  quarter  wavelengffi  of  the  P-wave,  in 
other  words  the  fundamental  “organ  pipe”  mode.  Increasing  the  layer  thickness  decreases  the 
transition  frequency  and  vice  versa.  A  “best”  model  was  found  for  our  data,  and  the  polarization 
estimates  for  this  model  are  shown  in  Figure  2d  for  a  variety  of  ray  parameters.  The  variation  in 
ray  parameter  is  onl^significant  at  low  ffequency  so  that  the  large  amount  of  scatter  in  the  data  at 
high  frequencies  is  probably  due  to  local  scattering. 

Histograms  of  the  incidence  angle  for  the  two  borehole  sensors  are  shown  in  Figure  3. 
They  differ  dr^atically  from  the  surface  instruments  results  which  is  a  consequence  of  being  in  a 
more  homogeneous  region  and  of  the  reflection  from  the  free  surface.  The  apparent  incidence 
angles  were  calculated  for  the  150  and  300  meter  boreholes  usmg  a  simple  velocity  model  (see 
Figure  3).  The  borehole  polarizations  are  not  sensitive  to  the  uppermost  surface  layer  velocity 
structure;  instead  the  average  values  of  the  model  above  the  sensor  determine  the  frequency  at 
which  the  first  transition  occurs.  The  first  two  transitions  at  low  frequencies  are  seen  in  the  model 
and  data  and  correspond  to  the  standing  wave  nodes  due  to  the  zero  traction  boundary  condition  at 
the  free  surface.  This  occurs  at  1  and  3  quarters  wavelength  below  the  surface,  and  thus  the  transi¬ 
tion  of  the  150  meter  borehole  is  approximately  twice  the  frequency  of  the  300  meter  borehole. 
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The  fairly  stable  incidence  between  the  2  transitions  is  modeled  well,  but  the  models  do  a  poor  job 
of  matching  the  data  above  20  Hz. 

Figure  4  shows  examples  of  the  variation  in  measured  apparent  incidence  angle  with  ray 
parameter  for  both  data  and  models.  The  amount  the  incidence  changes  with  ray  parameter  is 
strongly  frequency  dependent,  and  it  can  be  shown  that  there  are  specific  frequencies  whirh  are 
nprirnal  for  observing  this  variation.  It  is  interesting  to  note  that  if  there  were  no  reflected  wave 
then  we  would  expect  the  incidence  to  range  from  about  35  to  65  degrees,  significantly  less  than 
the  variation  seen  at  11  Hz. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  polarization  of  the  initial  P-wave  arrival  shows  dramatic  variation  in  frequency  for 
both  the  surface  and  borehole  instruments.  The  variation  at  the  surface  is  primarily  due  to  the  low 
velocity  weathered  granite  upon  which  the  instruments  siL  The  apparent  incidence  at  low  frequen¬ 
cies  agrees  with  expectations  of  a  simple  half  space  model,  and  at  10  Hz  passes  through  a  transi¬ 
tion  to  where  the  incidence  is  scattered  about  vertical.  These  general  features  can  be  explained  by 
a  simple  1-D  velocity/attenuation  model,  but  it  is  clear  that  above  10  Hz  local  scattering  from  3-D 
structure  is  having  a  predominant  effect  Thus  interpreting  polarization  data  for  deeper  structure  :s 
tenuous  at  best  Tlie  borehole  polarizations  are  affected  by  the  surface  reflection  and  can  be  mod¬ 
eled  quite  well  with  a  simple  1-D  model.  Unlike  the  surface  polarizations,  the  borehole  polaiiza  ■ 
tions  show  significant  correlation  with  ray  parameter  even  at  high  fircquencies  indicating  that  the 
waveforms  contain  information  about  the  source.  With  the  use  of  an  inversion  scheme  (e.g. 
genetic  algorithms)  an  optimal  model  to  fit  the  data  could  be  found  and  then  used  to  pr^ct  the 
effect  of  the  free  surface  reflection  on  the  S-arrival  to  aid  in  future  high-frequency  source  studies. 
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Figure  1.  Small  Aperture  Array  I  Experiment  at  Pifion  Flat  Observatory,  California.  The  top 
figure  shows  the  layout  of  the  array;  the  2  boreholes  (at  150  and  300  meter  depths)  lie  within  the 
small  grid  of  instruments.  The  located  events  are  shown  in  the  middle  map.  In  addition  we  use 
46  events  recorded  during  the  experiment  that  were  not  located  by  the  regional  network.  There  is 
a  3-D  velocity  model  available  for  the  area  around  the  San  Jacinto  fault  zone,  but  it  does  not 
include  the  area  to  the  north-east  of  PFO. 
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Figure  2.  Apparent  Incidence  Angle  at  Surface,  (a)  This  shows  the  results  for  all  surface  stations 
and  all  events;  at  e^ch  frequency  there  are  5677  incidence  angle  estiinates.  The  main  feature  is  the 
transition  from  shallow  incidence  below  10  Hz  to  a  largly  scattered,  near  vertical  incidence  at 
high  frequencies,  (b)  P  (solid)  and  S  (dash)  velocity  models  used  in  making  synthetics  shown  in 
the  next  two  figures,  (c)  Decreasing  the  thickness  of  the  top  layer  in  the  velocity  model  pushes  the 
transition  to  higher  frequencies,  (d)  The  apparent  incidence  angle  was  calculated  for  our  "best" 
model  at  variety  of '  '  parameters.  The  variation  with  ray  parameter  is  only  significant  below  10 
Hz. 
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Hgure  3.  Apparent  Incidence  Angle  for  Borehole  Sensors.  The  top  two  figures  show  the 
evolution  of  tSfi  binned  data  with  frequency.  The  estimates  from  the  119  events  were  binned 
in  5  degree  intervals,  and  the  resulting  histograms  contoured  in  the  shade  plot  The  bottom 
figures  are  the  theoretical  curves  for  3  different  ray  parameters:  0.12, 0.14, 0.16  sec/km  from 
bottom  to  top.  The  first  2  transitions  for  both  boreholes  are  modeled  well  using  a  simple  3 
layered  model,  but  at  higher  frequencies  the  model  does  not  perform  as  well  'Hiis  may  be 
due  to  to  greater  variability  of  incidence  angle  witli  ray  parameter  ( all  ray  parameters  have 
been  stacked  together )  and  the  resolution  not  being  sufficient  to  detect  the  more  oscillatory 
nature  at  high  frequencies. 
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Figure  4.  Apparent  Incidence  Angle  vs.  Ray  Parameter  for  300  meter  Borehole  at  a  Sequence 
of  Frequencies.  JJe  +’s  are  estimates  for  each  event.  The  apparent  incidence  angles  were 
estima^  using  the  MTPA  and  the  ray  parameters  are  from  locations  using  a  local  3-D  velocity 
model  The  curves  are  the  theoretical  vducs  calculated  from  the  simple  velocity  model  shown 
in  Figure  2b.  Tlie  amount  of  variation  in  apparent  incidence  angle  with  ray  parameter  for  both 
data  and  model  is  greater  at  certain  frequencies  (10.4  or  1 1.4  Hz)  than  would  be  expected  in  a 
whole  space.  The  events  with  ray  parameter  ~0.17  s/km,  which  do  not  fit  the  model  well  and 
are  seemingly  inconsistent  with  the  other  data,  are  located  across  the  Coachella  Valley  from 
PFO  where  we  do  not  have  a  3-D  velocity  model  to  locate  events. 
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GERESS  -  A  Key  Station  in  a  Future  Global  Monitoring  Network 
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Institute  of  Geophysics,  Ruhr-University  Bochum,  Germany 
Grant  AFOSR-90-0189 


Objective 

The  German  Experimental  Seismic  System  (GERESS)  is  a  cooperative  research  program  of 
Southern  Methodist  University  Dallas  (USA)  and  Ruhr-University  Bochum  (Germany).  GERESS 
contributes  to  the  IMS  (operated  at  the  Kjeller  data  center,  Norway)  together  with  the  Fennoscan- 
dian  regional  arrays  (NORESS,  ARCESS,  FINESA),  the  two  new  arrays  near  Apatity  and  on 
Svalbard.  It  was  suggested  to  include  GERESS  as  an  a-station  in  the  recent  GSE-concept.  The 
objective  of  research  activities  carried  out  at  the  data  center  in  Bochum  aimed  at  calibration  con¬ 
cepts  of  an  a-station  using  GERESS  as  an  example.  In  this  respect,  the  a-ner.vork  of  about  50 
globally  distributed  stations  is  regarded  as  a  teleseismic  monitoring  system.  The  calibration 
includes  characterization  of  the  noise,  evaluation  of  the  detection  capability  (signal  to  noise  ratio 
improvement  by  beamforming),  an  estimate  of  station  sensitivity,  the  station  residuals  w.r.t. 
travel-time  and  magnitude,  and  the  determination  of  mislocation  vectors. 

Research  accomplished 

a)  GERESS  Noise  Characteristics 

Previous  to  the  installation  of  GERESS,  the  area  was  carefully  monitored  with  respect  to 
noise  characteristics  (e.g.,  Haijes,  1990).  It  was  found  that  noise  at  GERESS  is  significantly 
different  from  that  at  the  Fennoscandian  arrays:  at  NORESS,  low  frequent  noise  (around  1  Hz) 
shows  an  order  of  magnitude  higher  peak  spectral  displacement  values  than  at  GERESS  (10 
nm^/Hz  versus  0.7  nm^/Hz,  respectively).  At  high  frequencies  (around  10  Hz),  the  noise  values  at 
GERESS  are  significantly  higher  than  at  NORESS  (2.5  10"^  nm^/Hz  versus  0.6  10"^  nm^/Hz). 
Harjes  (1990)  also  concluded  that  the  noise  at  GERESS  lacks  the  noise  correlation  minimum,  gen¬ 
erally  observed  at  the  Scandinavian  arrays.  This  finding  implies  a  different  noise  structure  in  Cen¬ 
tral  Europe. 

b)  GERESS  P-Wave  Detectability 

The  SNR  improvement  by  beam  forming  at  GERESS  was  assessed  for  P-phases  of  strong 
local,  regional,  and  teleseismic  events  at  various  frequencies  and  for  different  array  subgeometries 
(lost,  1992).  The  mean  values  for  5  of  the  11  GERESS  subarray-configurations  (AB,  ABC, 
ABCD,  CD,  and  D)  indicate  that  the  full  array  has  the  highest  SNR  gain  from  1  -  6  Hz  and 
configuration  ABC  (inner  3  rings)  from  6  -  10  Hz.  The  mean  values  for  GERESS  and  NORESS 
(Kvaema,  1989)  for  the  full  array  (ABCD),  which  is  based  on  25  channels  at  NORESS  (14.0  db) 
and  22  channels  at  GERESS  (13.4  db),  show  higher  P-wave  detectability  for  GERESS  in  the  fre¬ 
quency  range  1  -  3  Hz.  The  differences  between  NORESS  and  GERESS  can  be  explained  by  the 
noise  characteristics  at  both  arrays. 
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c)  GERESS  leleseismic  Detection  Capabilities 

GERESS  data  are  continuously  transmitted  from  the  array  HUB  in  Bavaria  to  Bochum  via  a 
64  kbit  line.  At  Bochum,  an  on-line  processing  system  based  on  RONAPP  (Mykkeltveit  and 
Bungum,  1984;  Fyen,  1987)  is  operated  to  monitor  data  quality,  initiate  maintenance  activities, 
and  produce  an  automatic  event  bulletia  All  teleseismic  phase  detections,  interactively  reviewed 
by  an  analyst,  are  sent  to  the  US  National  Earthquake  Information  Center  (NEIC)  in  Golden,  Co. 
The  GERESS  contribution  to  global  seismic  data  analysis  has  been  evaluated  taking  the  NEIC  bul¬ 
letin  (Earthquake  Data  Reports,  EDR)  as  reference  (Schweitzer,  1993).  Fig.  1  shows  all  events 
(20°  -  180°,  with  reported  body  wave  magnitude)  for  which  NEIC  associated  a  phase  detected  by 
GERESS  from  OcL  18,  1991  to  Feb.  28,  1993.  In  this  teleseismic  distance  range,  GERESS 
detected  44.6  %  of  the  corresponding  NEIC  events. 

The  GERESS  contribution  can  be  compared  with  long-established  high-sensitive  arrays  like  Yel¬ 
lowknife  (YKA)  or  three-component  stations  on  the  same  geological  setting  as  GERESS  like 
KHC.  On  average,  YKA  reported  59.3  %  and  KHC  26.2  %  of  NEIC-  events  in  the  corresponding 
teleseismic  window.  The  detectability  with  respect  to  epicentral  distance  (Fig.  2)  shows  a  decrease 
for  GERESS  between  60°  and  70°  around  the  North  Pacific  subduction  zones.  This  observation  is 
due  to  the  large  number  of  small  events  (mb  <  4.5)  that  are  detected  by  local  and  regional  stations 
reporting  to  NEIC.  Beyond  the  core  shadow,  GERESS  detected  85  4  of  all  NEIC  events  (PKP 
phases  between  135°  and  155°).  GERESS  shows  a  larger  percentage  of  detected  PKP  onsets  than 
YKA  which  reflects  the  low  network  detection  capability  for  small  events  (mb  <  4.5)  in  the 
south-west  Pacific.  It  also  demonstrates  that  sensitive  seismic  stations  in  epicentral  distances 
around  the  PKP  caustic  can  significantly  improve  the  detection  capability  for  remote  areas  where 
nearby  stations  do  not  exist  or  would  be  difficult  to  operate. 

The  seasonal  pattern  (Fig.  3)  shows  significant  differences  in  detection  probability  of  GERESS 
and  KHC  on  one  side  and  YKA  on  the  other.  YKA  shows  a  decrease  of  about  25  %  during  sum¬ 
mer,  when  the  Great  Slave  Lake  is  open.  For  the  observed  1  1/2  years,  YKA  is  somewhat  less 
sensitive  than  GERESS  during  late  summer  and  early  fail.  There  appears  very  little  seasonal  vari¬ 
ation  at  GERESS  or  KHC. 

On  the  other  hand,  the  detection  capability  of  GERESS  with  respect  to  time  of  day  shows  a 
decrease  during  daylight  hours  as  a  result  of  man  made  noise  and  mining  activities.  A  com¬ 
parison  with  KHC  reveals  that  this  daily  variation  is  not  a  local  effea  at  GERESS  but  a  common 
feature  for  seismic  stations  in  Central  Europe.  At  daylight  hours,  a  decrease  of  the  detection  pro¬ 
bability  of  about  8  %  for  GERESS  and  about  5  %  for  KHC  can  be  observed. 

d)  Travel  Time  and  Amplitude  Residuals  of  GERESS 

To  determine  a  mean  travel  time  residual  for  GERESS,  only  large  and  well  constrained 
events  were  used  (mb  >  5.0  (NEIQ,  more  than  19  defining  P  phases).  In  addition,  onsets  with  an 
absolute  value  of  the  travel  time  residual  larger  than  3.0  sec  were  rejected.  The  mean  travel 
time  residual  based  on  1520  GERESS  phases  is  -0.66  sec  with  a  standard  deviation  of  +/-  0.68 
sec.  Fig.  4  shows  the  mean  travel  time  residuals  of  proposed  a-stations  or  stations  in  their  neigh¬ 
borhood.  Residuals  are  plotted  witii  respect  to  the  percentage  of  observed  EDR  events.  The  com¬ 
parison  is  based  on  the  contribution  of  seismic  stations  nom  Apr.  1990  to  Jun.  10,  1993.  The  per¬ 
centage  of  observed  events  gives  a  rough  idea  of  the  sensitivity  of  the  stations.  It  is  obvious  that 
all  highly  sensitive  arrays  have  negative  travel  time  residuals  and  that  single  stations  show  a  simi¬ 
lar  trend:  the  more  sensitive  the  station,  the  mote  negative  is  its  travel  time  bias.  This  observation 
IS  confirmed  by  Grand  (1990),  who  showed  that  the  travel  time  residuals  of  different  stations  in 
the  ISC  bulletins  correlate  with  the  amplification  of  the  stations.  This  result  suggests  that  the 
source  times  of  larger  events  can  systematically  be  biased  to  later  times  due  to  a  large  number  of 
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less  sensitive  stations  which  observed  these  events. 

For  the  estimation  of  the  magnitude  residual  of  GERESS,  the  same  events  used  above  resulted  in 
945  mb  values.  The  mean  mb  residual  at  GERESS  is  -0.60  with  a  standard  deviation  of  0.35.  This 
relatively  large  magnitude  residual  results  from  several  effects  tfiat  all  act  to  decease  measured 
amplitudes;  First,  GERESS  has  its  best  SNR  gain  for  P  onsets  in  the  frequency  range  between  1.0 
Hz  and  3.0  Hz  Uost,  1992).  Therefore,  this  narrow  frequency  band  is  often  used  to  measure 
amplitudes.  (Note  that  many  of  these  onsets  would  not  be  visible  on  a  WWSSN  short-period 
instrument  at  the  GERESS  site.)  This  narrow-band  filtering  increases  the  SNR  but  decreases  the 
mean  amplitudes.  Second,  some  signal  loss  can  occur  due  to  beamforming.  Finally,  at  GERESS, 
we  generally  do  not  observe  any  site  amplification  due  to  the  missing  sedimentary  cover.  All 
these  effects  tend  to  decrease  the  amplitudes  observed  at  GERESS.  Fig.  5  shows  mb  residuals  of 
different  .rations  plotted  with  respect  to  the  mean  reponed  period  T  to  compute  log  A/T  (which  is 
thought  to  compensate  for  different  instrumentation  and  observing  periods).  All  stations  that 
measure  amplitudes  generally  at  mean  periods  less  than  1.0  sec  show  a  negative  mb  residual. 
This  indicates  that  the  compensation  for  period  in  the  magnitude  formula  is  not  sufficient.  For 
arrays,  signal  loss  after  beamforming  may  cause  still  smaller  amplitudes. 

e)  GERESS  Mislocation  Vectors 

Although  the  small  aperture  (4  km)  GERESS  array  has  only  limited  resolution  for  measuring 
slowness  and  back-azimuth  (BAZ)  of  teieseismic  onsets,  the  differences  to  theoretical  values  have 
been  determined.  Locations  of  NEIC  were  employed  to  calculate  epicentral  distance  and  theoreti¬ 
cal  BAZ;  the  IASP91  travel  time  tables  (Kennett  and  Engdahl,  1991)  were  employed  to  calculate 
the  theoretical  slowness  of  the  first  arrival  (P,  Pdiff,  PKP)  using  theoretical  epicentral  distance 
and  reported  depth  (NEIC).  All  slowness  ^d  BAZ  values  of  first  arrivals  with  a  travel  time  resi¬ 
dual  I  tobs  -  t^eo '  >  3.0  sec  and  with  a  slowness  mislocation  vector  of  more  than  4.0  sec/deg  were 
omitted.  With  the  first  arrivals  analyzed  during  the  GSETT-2  period  (Schweitzer,  1992)  and  the 
onsets  reported  between  Oct.  18,  1991  and  Jun.  10,  1993,  a  total  of  3910  slowness  and  BAZ 
values  were  available. 

Fig.  6  shows  the  observed  mislocation  vectors  in  slowness  space,  which  has  been  divided  into 
cells  (1  sec/deg  by  10  deg  in  the  outer  regions  and  1  sec/deg  by  20  -  30  deg  in  the  central  part). 
Mislocation  vectors  displayed  are  averages  for  each  cell  in  the  slowness  space  and  contain  at  least 
5  observations.  The  theoretical  value  is  indicated  by  a  circle.  The  mean  slowness  residual  of  all 
observations  is  -0.42  sec/deg  with  a  standard  deviation  of  1.17  sec/deg.  The  mean  BAZ  residual 
is  5.3  deg  with  a  standard  deviation  of  23.7  deg.  Fig.  6  shows  that  BAZ  residuals  show  a  com¬ 
mon  trend;  they  change  from  positive  residuals  between  350  deg  to  30  deg  and  from  90  deg  to 
170  deg  to  negative  residuals  from  40  deg  to  80  deg  and  from  180  deg  to  340  deg.  The  observed 
slowness  values  arc  systematically  too  small  with  respect  to  IASP91  It  remains  to  be  analyzed, 
whether  this  observation  is  due  to  the  Earth’s  stmeture,  the  local  geology,  the  topography  at  the 
array  site,  the  array  configuration,  or  just  the  algorithm  of  the  implemented  fk-analysis.  Most  of 
the  mislocation  vectors  of  GERESS  in  Fig.  6  are  small  with  respect  to  their  standard  deviation. 
Therefore  it  may  not  be  useful,  to  correct  the  observed  slowness  and  BAZ  values  with  above 
mislocation  vectors.  Until  a  more  complete  set  of  mislocation  vectors  becomes  available,  mean 
standard  deviations  (1.17  sec/deg  and  23.7  deg)  can  be  used  to  weight  the  GERESS  slowness  and 
BAZ  values  in  location  algorithms  (e.g.,  IMS). 
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Conclusions  and  Recommendations 

For  calibrating  an  a-station,  various  investigations  are  recommended:  the  characterization  of 
the  noise,  the  estimation  of  the  station  sensitivity  as  a  function  of  frequency  (including  signal  to 
noise  ratio  improvement  by  beamforming  for  arrays),  and  the  determination  of  station  residuals 
(w.r.t.  U’avel-time,  slowness  vector,  and  magnitude). 

For  the  GERESS  array,  studies  of  this  kind  have  been  performed.  The  noise  and  detectability  stu¬ 
dies  have  been  presented  previously. 

The  GERESS  contribution  to  global  seismic  data  analysis  has  been  evaluated  taking  the  NEIC  bul¬ 
letin  as  reference.  In  the  teleseismic  distance  range  (20®  -  180®),  GERESS  detected  44.6  %  of  the 
corresponding  NEIC  events.  As  expected,  the  detection  capability  of  GERESS  changes  with  epi- 
central  distance:  for  events  in  the  Earth’s  core  shadow  GERESS  observed  only  10  %  to  20  %  of 
all  corresponding  EDR  events.  In  contrast,  for  PKP  arrivals  GERESS  observed  about  85  %  of  all 
EDR  events  due  to  the  caustic.  The  daily  variation  (about  8  %)  of  the  detection  capability  for 
GERESS  could  be  associated  to  an  increase  of  cultural  and  industrial  noise  during  working  hours. 
Seasonal  effects  of  the  detection  capability  for  GERESS  could  not  be  identified. 

Due  to  the  small  aperture,  GERESS  has  only  a  limited  resolution  in  measuring  slowness  and 
back-azimuth  of  teleseismic  onsets.  However,  systematic  mislocation  vectors  were  found  for 
GERESS. 

GERESS  shows  a  pronounced  negative  travel  time  residual  (-0.66  sec)  similar  to  highly  sensitive 
arrays  (e.g.,  YKA,  HFS,  NB2);  GERESS  also  exhibits  a  negative  mb  residual  (-0.60)  which  corre¬ 
lates  to  the  general  trend  of  other  small  aperture  arrays. 
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Fig.  1:  All  events  (A>  20  deg)  for  which  NEIC  associated  a  GERESS  onset  (Oct.  18,  1991  -  Feb.  11,  1993). 


DISTANCE  IN  DEG 

Fjg.  2:  The  probability  to  observe  an  EDR  event  at  GERESS  (crosses),  at  YKA  (triangles),  and  at 
KHC  (circles)  with  respect  to  epicentral  distance  (Oct.  18,  1991  •  Feb.  11,  1993). 
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Fig.  3:  The  probability  to  observe  an  EDR  event  (A>  20  deg)  at  GERESS  (crosses),  at  YKA  (tri¬ 
angles),  and  at  KHC  (circles)  with  respect  to  day  of  year  (Oct  18,  1991  -  Feb.  11,  1993). 
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Fig.  4:  Percentage  of  NEIC  events  (Apr.  1990  -Jun.  10, 1993)  observed  at  various  seismic  stations 
versus  mean  travel  time  residual. 
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Fig.  6:  GERESS  average  mislocation  vectore  with  at  least  5  observations  (symbol  is  for  the 
theoretical  value;  Apr.  22  •  Jun.  2,  1991  and  Oct  18. 1991  -  Jim.  10.  1993) 
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1.  Objective 

Recently,  we  have  assessed  the  degree  to  which  large  topographic  features,  illuminated  by  teleseisms, 
contribute  identifiable  seismic  phases  to  coda  recorded  by  nearby  seismometers.  We  have  developed  a 
techmque  that  images  local  scatterers  m  2-D  m  much  the  same  way  that  subsurface  interfeces  are  imaged  in 
1-D  by  standard  reflection  seismic  profiling.  Local  scatterers  are  resolved  by  migrating  the  array  records 
after  suppressmg  the  direct  (teleseismic)  energy.  Our  imagmg  technique  (Hedlin  era/,  1991)  has  been 
applied  to  NORESS  array  recordings  of  teleseisms  to  image  the  local  crust  for  prominent  scatterers.  Two 
scatterws  have  been  locatwl  near  this  array  (Hedlin,  1991). 

Currently,  we  are  developing  processing  techniques  that  can  be  used  to  increase  image  resolution  and 
stability.  Our  efforts  have  concentrated  on  deconvolution,  stacking  and  image  focusing. 

2  Research  Accomplished 


la  Review  of  the  imaging  technique 

The  underlying  premise  of  our  technique  is  that  incident  seismic  waves  inyinging  on  a  scatterer  generate 
coda  waves  which  can  be  detected  by  nearby  seismometers.  Given  an  array  recording  of  the  scattered  waves 
enough  informatioa  exists  to  locate  and  image  the  secondary  source.  We  assume  that  the  array  elemenfe  are 
distributed  in  2-D  (x-y)  and  record  m  time  (t).  It  is  easily  shown  that  the  spherical  wavefronts  proAiced  by  a 
point  source  in  a  homogeneous  medium  ^rpear  in  x-y-t  space  as  hyperboloids  about  the  time  axis  (t).  To 
achieve  the  greatest  enhancement  of  seismic  motions  caused  by  this  source  (at  the  expense  of  motioas 
caused  by  secondary  sources  at  other  locations),  and  thus  to  achieve  the  best  image  of  the  source  itself,  we 
sum  the  motions  recorded  by  the  sensors  after  applying  the  appropriate  hyperbolic  time  shifts.  We  image 
the  local  scatterers  by  systematically  scanning  for  secondary  sources  at  discrete  locations  throughout  the  area 
of  interest.  This  imaging  approach  is  a  simple  extension  of  the  hyperbola  summation  migration  method 
(Yilmaz,  1987)  used  in  seismic  reflectioa. 

Since  a  delay-and-sum  operation  is  involved,  this  method  is  akin  to  standard  beamfbnning  techniques  and 
bears  some  resemblance  to/-k  analysis.  This  technique  is  distinguished,  however,  by  its  cognizance  of  not 
only  the  wavenumber  but  the  onset  time  of  a  seismic  arrival.  As  a  result,  the  technique  can  be  used  to 
infer  the  likely  geographic  location  of  the  secondary  source.  This  method  differs  from  previous  attempts  to 
locate  large  near-receiver  scatterers  since  it  is  ciqiable  of  accommodating  simultaneously  many  primary 
events  from  different  aTimtirhs  to  give  a  balanced,  redundant,  illumination  of  local  scatterers  while 
suppressing  the  infiuence  of  near-source  scatterers. 

Since  it  is  not  known  when,  in  absolute  time,  excitation  of  the  scatterer  occurs,,  it  is  necessary  to  use 
elementary  ray  theory  to  estimate  what  time  delay,  t,  should  exist  between  the  arrival  of  the  primary  energy 
and  the  scatte^  phases.  Considering  a  single  event-scatterer  pair,  the  time  offset,  T,  between  the  arrivals  of 
energy  piopagatmg  directly  from  the  source  (at  vector  slowness  pi)  and  via  the  scatterer  (vector  slowness 
ps)  at  a  vector  distance  Ras  from  the  array  is  given  by: 


T  =  Ras  •  (Pi-Ps)  1) 

In  practice,  there  are  a  number  of  complicating  factors  that  must  be  taken  into  account  prior  to  constructing 
images  of  feint,  local  sources  using  synthetics  or  data: 
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•  To  examine  local  scattered  phases  it  is  necessary  to  first  suppress  the  primary  energy.  The  method  we 
have  adopted  to  accomplish  this,  introduced  by  Gupta  etal  (1990),  is  known  as  bem  correction  and 
simply  involves  the  coherent  subtraction  of  the  primary  source  beam  from  all  the  individual  channels 
to  yield  residual  seismograms. 

'  Because  we  are  dealing  with  dispersed  energy,  we  have  concluded  that  the  trade-off  between  image 
resolution  and  stability  can  best  be  mitigated  by  not  migrating  coherent  records  but  converting  the 
results  to  envelopes  prior  to  integration  in  a  method  akin  to  incoherent  bcamfonning  (Ringdai  et  al, 
1975).  To  further  enhance  image  stability  we  integrate  the  envelopes  in  time  prior  to  migration. 

Zb  Image  resolution 

The  resolution  of  the  imaging  technique  can  be  assessed  by  imaging  synthetic  scatterers.  Using 
wavenumber  integranon  (Apsel  and  Luco,  1983)  we  consider  a  localized  omnidirectional  scatterer  (delta 
function  in  space)  illuminated  by  an  impulsive  incident  wave  (delta  function  in  time).  Considering  our 
analysis  of  data  in  the  next  sechon  we  have  located  our  synthetic  receivers  as  actual  receivers  are  deployed  in 
the  NORESS  array.  In  the  preliminary  analysis  of  synthetic  seismograms,  computed  individually  for  each 
of  the  sensors  in  the  array,  we  have  placed  a  seconds^  Rg  source  at  the  free  sur^e  35  km  to  the  southwest 
of  the  array. 

The  radial  resolution  of  this  source  (Figure  1)  is  limited  somewhat  by  the  dispersion  of  the  Rg  packet,  but 
to  a  greater  extent  by  the  time-averaging  (in  this  case  5  seconds).  The  azimuthal  resolution  is  very  poor 
primarily  because  the  coherence  of  the  smface  waves,  computed  with  only  a  small  degree  of  numerical 
noise,  is  very  high,  because  we  are  employing  envelopes  of  t^  beams  and  btsause  of  the  small  aperture  of 
the  array,  ^ergy  is  aliased  away  from  the  actual  location  of  the  scatterer  to  locatioas  which  share  die  same 
delay  time.  By  manipulation  of  equation  1,  it  can  be  shown  that  scatterers  which  share  a  common  delay 
time  r  lie  on  a  curve  described  by: 


Ras  =  T  /  llpsi  -  IPil  cos(0)]  2)  , 

where  0  is  the  angle  between  the  back  azimuth  to  the  primary  source  and  the  back  azimuth  to  the  scatterer. 
When  ps  is  greater  than  pi  (eg.  P  to  Rg  scattering)  tMs  describes  an  ellipse  with  one  focus  at  the  center  of 
the  array,  major  axis  pointing  to  the  primary  source  and  eccentricity  equal  to  pj  /  ps.  In  this  synthetic 
calculation  the  primary  source  was  located  directly  beneath  the  array  (pj  =  0)  and  thus  the  curves  of  constant 
T  have  degenerated  into  circles  centered  on  the  array. 

2c  Resolution  enhancement 

Zc.i  Deconvolution 

The  imaging  tecimique  described  above  assumes  that  the  scatterers  are  excited  only  once  by  an  impulsive 
teleseism  -  an  assumption  clearly  at  odds  with  reality.  A  fundamental  ambiguity  exists  vriien  tr^g  to 
locate  sources  of  scattered  energy  using  protracted  teleseisms.  One  apparent  source  may  be  inferred  to  exist 
at  a  greater  distance  fn.  m  the  array  than  another  either  because  it  is  truly  located  farther  from  the  array  or  due 
to  excitation  by  a  tardy  primary  arrival.  To  demonstrate  the  impact  ignoring  this  complication  we  display 
an  image  computed  from  a  NORESS  lecmding  of  an  earthquake  (day  134, 1985, 10.7“  S,  41.3®  E)  in  Figure 
2.  Two  sources  appear  near  the  array  (to  the  east  and  southwest).  Considering  the  findings  of  Gupta  etal 
(1990)  and  Bannister  etal  (1990)  it  seems  likely  that  these  sources  are  due  to  topographic  features  located  10 
km  to  the  east  and  35  km  to  the  southwest  of  the  array.  The  ellipses  displayed  in  the  figure  were  calculated 
for  sources  at  these  locations.  An  additional,  relatively  distant,  apparent  source  inferred  to  exist  in  the  third 
quadrant  is  not  predicted  by  either  ellipse.  Is  this  distant  source  or  simply  due  to  late  excitation  of  the 
closer  scatterer? 

We  attempt  to  answer  this  question  by  adopting  a  simple  model  for  the  array  records.  In  this  model,  the 
mdividual  sensor  recording,  d(t),  is  express^  as  the  convolution  of  the  site  impulse  response,  m(t),  and  the 
sequence  of  arrivals  from  the  primary  source,  b(t),  i.e.: 

d(t)  =  m(t)  *b(t)  3) 
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We  define  the  site  impulse  respouse,  m(t),  to  be  the  w.:v*field  th^ii  would  be  recorded  by  that  sensor  in  the 
event  of  impulsive  excitation  of  the  local  scarterers  by  a  plane  wave  with  the  wavevector  appropriate  for  the 
teleseismic  source.  We  estimate  b(t)  by  beamforming  the  array  records  for  the  pnmary  source. 

To  synthesize  the  mteraction  between  a  scatterer  located  35  km  to  the  southwest  of  the  array  and  the 
earthquake  telesetsm  we  have  convolved  the  beam  of  this  event  with  the  synthetics  displayed  in  Figure  1. 
This  image  (Figure  3)  unplies  the  existence  of  a  false  source  roughly  70  km  to  the  souiwest  of  the  array. 
We  know  that  this  energy  ongmated  only  35  km  from  the  array  but  is  due  to  an  energy  burst  that  arriv^ 
roughly  10  seconds  after  the  primary  onset.  The  similarity  of  the  third  quadrants  of  Figures  2  and  3  is 
unmistakable  -  the  distant  source  in  Figure  2  is  clearly  false. 

Given  the  convolutional  model  we  can  suppress  the  influence  of  tardy  arrivals  by  deconvolving  an  estimate 
of  the  teleseismic  waveSeld  from  the  mdividual  array  records.  We  have  treated  this  deconvolution  as  an 
mverse  problem  (see  Hedlin,  1991  for  details).  In  Figure  4  we  present  the  results  of  this  processing  applied 
to  the  data  in  Figure  3.  By  comparing  Figures  1,  3  and  4  we  see  that  the  false  source  has  largely  been 
removed,  and  that  the  true  source  has  been  placed  m  the  proper  location  (closer  to  the  array)  and  accurately 
imaged. 

Zc.ii  Stacking 

Imaging  local  scatterers  with  only  a  single  primary  event  has  several  drawbacks.  It  leaves  the  image 
susceptible  to  near  source  effects  and  incomplete  boun  correctioa.  The  analysis  of  single  primary  events 
forces  a  trade-clf  between  azimuthal  and  radial  resolution.  Azimudial  smearing  along  elliptical  curves  can 
be  suppressed  by  increasing  time-averaging,  but  this  causes  degradation  of  radial  resolution.  Image  quality 
(resolution  and  stability)  in  the  current  analysis  can  be  increased  by  simultaneously  considering  a  number  of 
primary  events.  In  effect  we  are  increasing  the  fold  of  covoage  (Yilmaz,  1987)  to  achieve  superior  imagea. 

To  demonstrate  the  power  of  stacking  we  begin  the  analysis  by  considering  a  single  h3tpothetical  scattoer 
located  35  km  from  NORESS  at  a  back  azimuth  of  225®.  We  know  that  if  this  source  is  illuminated  by 
teleseismic  energy  propagating  at  a  non-infinite  phase  velocity  then  energy  will  be  aliased  from  this  source 
along  elliptical  curves  that  depend  on  the  back  azimuth  to  the  primary  event  and  slowness  of  the  teleseismic 
energy.  Specifically,  the  ellipse  has  one  focus  at  the  array,  the  major  axis  points  toward  the  primary  source 
and  the  eccentricity  is  proporiional  to  |pi|.  We  can  thus  increase  ariniiithal  resolution  of  the  point  source 
by  stacking  images  obtained  using  a  bro^y  distributed  set  of  teleseismic  events  since  much  of  the  aliased 
energy  should  sum  incoherently.  Intuitively,  it  seems  clear  that  the  graatest  gain  in  image  qu^ty  will  be 
achieved  using  a  suite  of  primary  events  that  ar  i  evenly  dispersed  azimuthally.  Such  an  event  suite  will 
yield  the  most  ‘‘balanced”  illumination  of  the  local  crust  and  the  greatest  suppression  of  primary  energy  not 
removed  by  beam  correction.  Let's  assume  our  hypothetical  scatterer  has  b^  illuminated  by  ^  teleseisms 
all  arriving  at  a  phase  velocity  of  15  kms*^.  To  achieve  the  most  balanced  illumination  of  the  scatterer, 
that  is  possible  given  30  primary  events,  each  event  is  located  at  a  multiple  of  12®  from  due  north  to  348®. 
Since  the  location  of  the  scatterer  and  the  incident,  and  scattered,  slowness  vectors  (|pi|  and  |psl  respectively) 
are  known  we  can  use  Equations  1  and  2  to  predict  where  energy  will  be  spatially  alia^  when  the  scatterer 
is  illnminated  using  each  of  these  primary  events.  The  aliaring  caused  by  these  30  events  is  described  by 
the  set  of  30  ellipses  displayed  in  Figure  5.  This  figure  gives  some  indication  of  the  enhancement  of 
azimuthal  resolution  we  can  hope  to  attain  via  the  stacking  of  a  uniformly  distributed  suite  of  teleseismic 
evoits.  The  more  broadly  spac^  the  ellipses  are,  the  greater  the  suppression  of  amplitudes  (origiruting  at 
the  secondary  source)  should  be,  since  the  energy  is  being  more  spatially  dispersed.  Conversely,  the  more 
closely  the  curves  are  grouped,  the  greater  the  enhancement  should  be.  All  30  curves  converge  at  the 
location  of  the  scatterer  and  thus  maximum  enhancement  of  anqrlitudes  will  occur  at  this  point  This  figure 
illustrates  that  energy  aliased  to  distant  azimuths  (greater  than  45®  from  the  secondary  source)  should  be  well 
dispersed.  All  ellipses  emanate  from  the  secondary  source  location  to  the  northwest  and  southeast  so  we 
might  expect  local  distortion  of  the  image  of  the  point  source.  Specifically,  it  should  become  elongate  to 
the  northwest  and  southeast,  and,  if  time  averaging  is  used,  somewhat  blurred  radially.  Finally,  since  each 
ellipse  comes  tangent  to  ei^er  the  inner,  or  outer,  bound,  the  ellipses  are  somewh^  concentrated  at  the 
edges  of  the  bounding  cxuves. 


To  take  this  analysis  one  step  further  we  place  an  omnidirectional  scatterer  at  this  location  and  illuminate  it 
by  the  30  synthetic  teleseisms,  which  we  constrain  to  be  impulsive  m  time.  The  scattered  wave  synthetics 
were  generated  usmg  wavenumber  mtegration.  If  we  compute  images  usmg  all  30  teleseisms  and  then  stack 
we  arrive  at  the  usage  displayed  m  Figure  6.  As  predicted  by  Figure  5  the  distant  aliasing  is  reduced  by  a 
sigmficant  degree  (beyond  45°  the  maximum  amplitude  in  Figure  1  is  roughly  -10  dB,  in  Figure  6  it  is 
reduced  to  -25  dB).  At  close  aamuths  the  image  is  distorted  to  be  elongate  to  the  northwest  and  southeast 
and  slightly  wider  radially  -  conditions  predicted  by  Figure  5.  As  expected,  energy  tends  to  concentrate  at 
the  edges  of  the  boundmg  curve.  Despite  the  minor  drawbacks,  the  synthetics  reveal  that  image  quality 
should  be  dramatically  enhanced  by  stacking.  The  advantage  provided  by  stacking  should  increase  in  the 
presence  of  seismic  noise.  A  stack  of  events  should  suffer  less  from  the  effect  of  additive  noise  that  is 
temporally  uncorrelated  over  the  time  scales  that  separate  the  pnmary  events.  Furthermore,  using  a  broadly 
distributed  suite  of  pnmary  events  should  lead  to  the  greatest  possible  suppression  of  primfiry  energy  which 
remains  after  beam  correction. 

Zem  Focusing 

When  stacking  it  is  important  to  ensure  that  the  correct  velocity  (ps)  is  used.  Given  a  well  distributed  set 
of  teleseisms,  use  of  an  inaccurate  velocity  will  lead  to  the  loss  of  spatial  resolution  through  defocusing. 
To  demonstrate  this  we  re-examme  the  synthetics  presented  in  Figure  6.  In  Figure  7  we  look  at  the  source 
in  the  third  quadrant  by  employing  three  scattered  wave  slownesses.  In  this  example  the  resolution  gain 
achieved  by  using  the  correct  slowness  is  subtle  (<e.g.  note  the  -15  dB  contour).  The  effect  is  particularly 
subtle  in  tbs  example  because  while  the  teleseisms  are  well  distributed  azimuthally,  they  all  had  phase 
velocities  of  15  km/s.  A  more  dissimilar  group  of  teleseisms  would  lead  to  more  dramatic  focusing 

3.  Conclusions  and  Recommendations 

We  have  migrated  small  aperture  array  recordings  of  teleseisms  to  resolve  nearby  synthesized  and  real 
scatterers  in  much  the  same  way  that  subsurface  sources  are  resolved  by  migrating  I-D  reflection  profiles. 
We  have  found  that  processmg  techniques  common  in  reflection  profiling  (deconvolution  and  stacl^g)  are 
useful  in  enhancing  the  resolutioa  of  the  secondary  sources.  We  have  used  image  focusing  to  optimize  the 
resolution  gain  made  possible  by  stacking.  We  are  currently  assessing  the  resolution  gain  that  can  be 
realized  by  combining  the  array  processing  just  described  and  three  component  analysis. 
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Figure  1  Image  of  a  syathetic  point  source  located  35  km  from  the  array  a  a  back  azimuth  of  225*’. 
Wavenumber  integration  was  used  to  generate  synthetic  seismograms  individually  for  each  of  the  25  vertical 
component  sensors  in  the  NORESS  array  (illustrated  is  the  synthetic  computed  for  the  center  station).  In 
this,  and  aU  subsequent  images,  contour  values  indicate  amplitudes  in  dB  relative  to  the  largest  value  in  the 
image  and  cylindrical  propagadon  of  scattered  wavefronts  was  aqaim/yt 
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Figure  2  Image  of  the  scattering  field  in  the  vicinity  of  the  NORJESS  array  obtained  using  recordings  of  a 
single  earthquake  (day  134,  1985;  10.7®  S,  41.3®  E).  The  beam  computed  for  the  earthquake  is  pictured  in 
the  lower  half  of  the  figure.  Overlain  on  the  image  are  ellipses  representing  the  curves  of  constant  delay 
timeTappropriate  for  scatterers  illuminated  by  this  event). 
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Rgure  3  Displayed  is  the  image  computed  using  time  series  that  have  resulted  from  the  convolution  of 
the  synthetics  displayed  in  Figure  1  and  the  recorded  teleseism  displayed  in  Figure  2.  Illustrated  in  the 
l<wer  figure  is  the  aO  synthedc/recorded  seismogram.  This  figure  is  included  to  illustrate  what  degradadon 
of  radial  resoludon  we  expect  when  local  point  scatteieis  are  excited  by  a  reladvely  protracted  telesrism. 
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Figure  4  The  result  of  the  deconvoludon  of  the  teleseism  displayed  in  Figure  2  from  the  seismograms 
represented  by  the  trace  in  Figure  3.  Perfect  deconvoludon  would  result  in  this  image  being  identical  to 
that  displayed  in  Figure  1.  Displayed  in  the  lower  figure  is  the  deconvolved  channel  aO. 
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Figure  5  A  suite  of  30  ellipses  computed  using  equation  1.  A  single  point  scatterer  has  been  located  35 
km  from  NORESS  at  a  back  azimuth  of  225°.  This  scatterer  is  illuminated  by  30  teleseismic  events 
regularly  spaced  in  back-azimuth.  All  teleseismic  arrivals  have  a  phase  velocity  of  15  km/s. 


Figure  6  Image  of  a  synthetic  point  source  located  35  km  from  NORESS  at  a  back  azimuth  of  225°.  The 
secondary  source  is  illuminated  by  30  impulsive  teleseisms  arriving  from  all  quadrants  at  15  km/s. 
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Figure  7  Image  of  the  synthetic  pomt  source  considered  in  Figures  5  and  6  calculated  assiumng  a  scattered 
wave  slowness  of  .36  s/km.  (top  left)  Image  of  the  same  source  calculated  using  a  scattered  v/ave  slowness 
of  .30  s/km.  (top  nght)  Image  computed  using  a  scattered  wave  slowness  of  .27  s/km  (bottom).  The 
synthetics  were  produced  using  .30  s/km 
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OBJECTIYE 

Teleseisraic  observations  of  explosions  tend  to  be  richer  in  short-period  energy  than  are 
earthquakes  and,  thus,  the  effectiveness  of  the  rab:Ms  discriminant.  At  regional  distances  the 
same  basic  separation  occurs  for  smaller  events  in  terms  of  Ml:Mo  (Woods  et  al.,  1993)  and 
rab:Mo  (Patton  and  Walter,  1993).  While  these  studies  demonstrate  the  basic  differences  in 
excitation  they  suffer  in  practical  application  because  of  the  detailed  information  required  in  the 
retrieval  of  Mq.  The  objective  of  this  report  is  to  relax  this  condition  and  develop  effective  and 
efficient  means  of  distinguishing  small  explosions  from  earthquakes. 

RESEARCH  ACCOMPLISHED. 


Introduction 

Recent  advances  in  broadband  instrumentations  coupled  with  new  analytical  techniques 
allows  the  estimations  of  source  excitation  from  regional  seismograms  down  to  relatively  low 
magnitude.  To  pursue  this  approach  requires  the  determination  of  regional  crustal  models  and 
path  calibrations  from  moderate  sized  earthquakes  or  master  events;  in  short,  where  earthquakes 
are  plentiful  and  discrimination  is  difEcult.  Recent  broadband  studies  of  earthquakes  and 
explosions  observed  on  the  TERRAsco^  array  in  Southern  California,  figure  1,  demonstrate  that 
regional  recording  of  explosions  contain  considerably  higher  frequencies  than  do  earthquakes, 
Woods,  etal.(1993). 

In  this  report  we  will  first  demonstrate  that  regional  seismograms  from  earthquakes  can  be 
used  to  estimate  their  fault  parameters,  moment  and  depths  applying  a  procedure  developed  in 
Zhao  and  Helmberger  (1993).  Next  we  examine  the  energy  content  of  the  various  phases,  define 
Mb  (broadband  moment)  and  Me  (energy  strengtli)  and  introduce  a  new  method  of 
discrimination.  In  this  method  all  events  are  processed  as  earthquakes,  and  explosions  are 
distinguished  by  their  stronger  energy  levels  relative  to  their  long  period  amplitudes. 

Estimation  of  Earthquake  Parameters 

The  approach  followed  here  (Zhao  and  Helmberger,  1993)  uses  a  direct  grid  search  and  does 
not  require  stable  partial  derivative  of  waveforms.  This  method  matches  complete  broadband 
observed  seismograms  against  synthetics  over  discrete  phases  so  that  timing  shift  between 
particular  arrivals  are  allowed.  This  feature  desensitizes  the  crustal  model  used  in  generating  the 
synthetics.  We  demonstrate  this  conclusion  by  generating  fault  parameters  for  a  number  of 
regional  events  using  two  strongly  contrasting  crustal  model^  namely  the  standard  SC  model  and 
a  basin  and  range  model,  PB  by  Priestley  and  Brune  (1978),  displayed  in  figure  2. 

As  mentioned  earlier  we  have  a  stoa  .  f  Green’s  functions  computed  on  a  range  interval  of  5 
kms  for  the  SC  model  (Dreger,  1992)  which  are  used  routinely  to  obtain  fault  parameters.  The 
fits  obtained  are  displayed  in  figure  3.  Note  that  in  the  automated  mode  the  code  does  not  always 
match  the  Rayleigh  and  Love  waves  in  the  most  sensible  fashion,  see  for  example,  the  Love 
wave  fit  at  ISA  and  the  Raleigh  wave  fit  at  PFO  (figure  3a).  Thus,  some  care  is  needed  in 
adjusting  the  model  and/or  some  hands  on  adjustment  if  only  a  few  stations  are  used.  Tlic  PB 
model  does  a  better  job  since  this  path  is  mostly  basin-and-range,  see  figure  3b.  Note  that  tl.e 
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time  shifting  between  Pnl  (first  20  secs  of  record)  and  the  Rayleigh  wa'  e  is  particularly  needed 
in  the  SC  case.  The  fits  of  the  Pnl  and  SH  phases  over  the  TERRAscope  array  (figure  3b)  is 
rather  amazing  and  suggests  that  the  over-all  crust  is  not  as  complex  as  found  in  the  earlier  study 
of  New  England  data,  see  Zhao  and  Helmberger  (1991). 

We  conclude  from  this  example  that  the  cut  and  paste  method  allows  reasonable  source 
estimation  and  that  the  SC  model  is  sufficient  for  studies  of  eanhquakes  and  explosions 
throughout  the  region.  This  feature  proves  useful  when  addressing  the  discrimination  issue  later, 
since  we  can  use  the  same  model  for  the  entire  region. 

Estimation  of  Seismic  Energy 

With  the  advent  of  broadband  instrumentation  we  can  make  some  useful  estimates  of  the 
energy  levels  of  sources  as  discussed  by  Kanamori  et  al.  (1993).  This  is  especially  attractive  at 
local  and  regional  distances  before  the  strong  attenuation  of  the  upper-mantle  has  stripped  away 
the  higher  frequencies.  However,  v/e  must  be  able  to  correct  for  the  strong  propagational  effects 
produced  by  the  crust  before  obtaining  accurate  estimates.  This  can  be  achieved  empirically  as 
suggested  in  the  above  paper.  The  approach  developed  here  is  more  theoretically  based  on 
Green’s  functions  even  though  the  appropriateness  of  such  high  frequency  corrections  is 
questionable. 

We  proceed  by  making  some  useful  definitions  in  terms  of  a  source  time  history  needed  in 
making  a  broadband  moment  estimate.  This  is  essential  because  of  the  importance  of 
characterizing  the  source  description  at  all  periods  .  We  define  the  broadband  time  history, 
assumed  to  be  a  triangle,  such  that  the  energy  in  the  short-period  (WASP)  divided  by  the  long- 
period  window  (LPZ)  is  equalized  between  the  observations  and  synthetics  over  the  Pnl  phase. 
The  broadband  moment  is  than  defined  as  the  best  fitting  synthetic  to  the  observed  data  assuming 
this  time  history  with  the  orientation  parameters  determined  by  the  long-period  fit  Because  the 
Green’s  functions  are  generally  shorter  period  then  the  data  we  obtain  smaller  Mb  moments  as 
discussed  earlier. 

We  define  the  energy.  Me.  in  the  same  fashion  as  Mb  in  that  wc  simply  define  Me  to  be  the 
ratio  of  the  total  integrated  broadband  energy  (3  components)  divided  by  the  corresponding 
integrated  Green’s  functions.  If  the  synthetics  fit  the  observed  data  exactly  we  would  obtain  Me 
equal  to  Mb  or  a  ratio  (Me/Mb)  OF  1.  The  plot  of  (Me/Mb)  for  the  three  largest  events  in  the 
region  is  displayed  in  figure  4.  Most  of  the  points  fall  between  1.5  and  .5  except  for  the  open  star 
point  near  A  =  428  (GSC,  Arizona).  An  examination  of  this  station,  figure  9,  indicates  that  the 
SH-component  is  causing  the  difficulty  in  that  the  synthetic  is  anomolously  small.  This  is  caused 
by  fitting  the  data  with  the  average  mechanism  over  all  stations.  Allowing  the  G.SC  station  to 
choose  its  own  mechanism  drops  this  point  into  the  population. 

This  plot  shows  no  obvious  distance  dependence  which  suggests  that  our  path  corrections  are 
adequate.  However,  there  is  a  slight  base-line  shift  with  the  PB  model  yielding  higher  values. 
This  feature  is  caused  by  the  soft  surface  layer  lor  this  model  that  produces  stronger  Green’s 
functions  for  a  given  moment  Thus,  Mb  is  smaller  for  this  structure  and  causes  this  slight  shift 
One  might  expect  certain  stations  (soft  sites)  to  have  high  (Me/Mb)  ratios.  This  is  probably  true 
but  such  stations  (SBC,  San  Barbara)  are  not  normally  included  in  source  studies,  see 
Helmberger  et  al.  (1993). 

The  discriminants  introduced  earlier  were  based  primarily  on  the  short-period  richness  of 
explosions  relative  to  earthqurdees.  Woods  et  al.  (1993)  exploited  this  observational  feature  in 
their  Ml:Mo  plots.  Another  difference  between  earthquakes  and  explosions,  as  displayed  in 
figures  6,  is  in  the  obvious  complexity  of  the  explosion  records,  especially  at  the  shorter  periods. 
Thus,  if  we  compare  the  explosion  data  against  the  synthetics  we  see  a  strong  difference  in  the 
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number  of  arrivals  which  translates  into  a  large  difference  in  energy.  The  precise  origin  of  these 
arrivals  is  not  known  but  near-in  studies  at  NTS  suggests  that  they  are  scattered  Rayleigh  waves, 
see  Stead  and  Helmberger  (1988),  and  others.  Tfie  scattering  is  apparently  complicated  because 
of  the  shallow  3D  geology  with  basins  and  ridges.  TERRAscope  observations  of  NTS  events 
display  this  complexity  quite  well  as  given  in  figure  6.  The  most  stable  portion  of  these  records 
appears  to  be  in  the  fundamental  Rayleigh  wave.  Thus,  we  emphasize  this  feature  in  estimating 
the  long-period  strengths  of  explosions.  We  find  that  synthetics  Rayleigh  waves  remain  quite 
simple  if  the  source  depths  are  confined  to  be  greater  than  about  5  km.  For  example,  synthetics 
for  explosion  sources  at  a  depth  of  1  km  are  distinctly  discordant  for  the  two  models  discussed 
earlier,  see  figure  2,  while  they  proved  quite  similar  for  deeper  earthquake  sources.  Moreover, 
our  source  estimation  code  has  no  difficulty  with  matching  the  Rayleigh  waves  with  this  depth 
restriction. 

In  this  match  of  synthetics  to  observations  we  have  used  the  (WASPAVALP)  ratio  to  fit  the 
time  history  because  of  the  noise  in  LPZ.  A  source  time  function  uiangle  (0.1,  0.1)  is  obtained. 
While  the  short  period  details  are  not  well  explained,  the  over-all  estimate  of  long-period  are 
reasonable.  We  obtain  a  moment  of  l.lxlO^^  dyne-cm  and  a  source  orientation  of  (220,  30, 
115).  The  source  depth  search  preferred  the  depth  of  5  km  which  is  the  shallowest  depth 
allowed.  Woods  et  al.  (1993)  obtained  a  Mq  =  3x10^^  dyne-cra  for  this  event  or  about  4  times 
smaller.  This  difference  is  expected  because  of  the  relative  strengths  of  Rayleigh  wave  Green’s 
functions.  But  the  absolute  value  of  Mq  does  not  matter  if  we  compute  the  (Me/Mb)  ratio  which 
is  in  this  case  (2.3). 

The  explosion  data  of  figure  6  should  be  contrasted  with  a  natural  earthquake  in  the  same 
region  (Yucca  Mtn)  shown  in  the  lower  panels.  Again  the  (WASP/WALP)  ratio  was  used  in 
fixmg  the  time  history,  (.l,.l).  The  over-all  fits  of  the  various  pass-bands  for  this  small  event  is 
quite  good  and  indicates  that  modeling  earthquakes  is  relatively  easy  compared  to  modeling 
explosions.  This  match  is  reflected  in  its  relatively  low  (Me/Mb)  ratio  of  (1.6). 

The  parameters  for  these  two  events  along  with  a  small  population  of  events  occurring  at 
NTS  and  southern  California  are  displayed  in  figure  5.  Most  of  Ae  earthquakes  have  ratios  near 
1  while  the  explosions  are  larger,  especially  for  the  smaller  magnitudes.  Note  that  the  data  has 
been  analyzed  by  individual  stations  so  that  estimated  source  parameters  vary  but  the  (Me/Mb) 
ratios  appear  to  behave  quite  well.  The  basic  reason  is  that  changes  in  the  faulting  parameters 
introduces  the  multiplication  of  the  moment  by  radiation  patterns  which  tends  to  compensate  one 
another,  that  is  weak  radiation  factors  lead  to  enlarged  moments  and  etc. 

There  is  a  tendency  for  these  ratios  to  drop  with  magnitude  or  Mq  for  both  populations.  This 
feature  is  not  understood  except  that  the  smaller  the  event  the  shorter  the  time  history  and 
therefore,  more  scatterings.  Tlie  explosion  populations  drops  faster,  perhaps,  indicating  a  source 
depth  effect  with  events  below  the  water  table  producing  a  more  stable  wave&ld. 

CONCLUSIONS  AND  RECOMMENDATIONS 

This  study  demonstrates  that  broadband  regional  seismograms  contain  an  immense  amount  of 
information  about  crastal  structures  and  source  characteristics.  By  allowing  some  simple  time 
shifts  to  ID  synthetics  we  can  recover  much  of  the  fundamental  information  about  the  latter 
without  modeling  all  the  propagational  detail.  Furthermore,  broadband  modeling  allows  a  useful 
definition  of  broadband  moment,  Mb  where  the  time  history  is  adjusted  such  that  the  short 
period  to  long  period  ratio  of  synthetics  is  equalized  to  that  in  the  observed  Pnl  wavetrain.  Mb’s 
tend  to  be  smaller  than  Mq  since  they  are  influenced  more  by  the  largest  asperity  of  any 
particular  event.  Accumulated  energy  from  these  Green’s  functions  can  be  used  to  correct  for 
path  effects  and  estimate  the  energy  strength.  Me.  This  measure  appears  to  be  independent  of 
distance  and  proves  effective  in  the  recovery  of  short  period  information  that  can  not  te  modeled 
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easily  in  the  time-domain.  We  find  that  shallow  events  such  as  explosions  tend  to  have  extra 
scattered  phases,  probably  produced  by  convened  surface  waves,  and  distinguished  from  deeper 
earthquakes  by  their  ratio.  Thus,  we  introduced  a  new  method  of  discrimination  based 

on  the  use  of  a  single  broadband  station.  The  method  does  require  a  regional  model  that  can  be 
developed  by  studying  local  earthquakes  and,  therefore,  limited  to  tectonic  regions,  for  example 
see  Zhao  and  Helmberger  (1993).  In  the  Southwestern  U.S.,  plots  show  that  explosions  and 
earthquake  separate  into  clear  populations,  at  least  in  this  pilot  study  of  30  events.  We  now 
recommend  that  this  technique  be  tested  for  a  larger  event  sample,  in  particular  for  known 
shallow  earthquakes  as  well  as  for  populations  in  other  regions. 
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Figure  1.  Map  of  Southwestern  U.S.  with  locations  of  a  number  of  regional  earth¬ 
quakes  and  NTS  explosions. 
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Figure  3.  Comparison  of  broadband  observations  with  synthetics,  3a  (SC  model), 
3b  (PB  model).  The  former  yields  source  parameters  (3-45  (strike),  30  (dip), 
245  (rake)),  Mo=l-4X10^'*  dyne-cm,  and  a  time  history  of  (0.5,  0.5).  The 
latter  yields  similar  results,  (180,  50,  250)  and  a  moment  of  Mo=1.6X10^‘* 
dyne-cm.  These  results  compare  well  with  other  long  period  regional  inver¬ 
sions  (Ritsema  and  Lay,  1993). 
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Figure  6.  Comparison  of  the  synthetic  fits  for  two  small  events  along  similar 
paths  displaying  the  complexity  of  explosions  (6a)  as  compared  to  natural 
earthquakes  (6b). 
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1.  OBJECTIVE 

The  objective  of  this  project  is  to  continue  the  development  of  the  seismic  analysis  sys¬ 
tem  geotool,  an  X  Window  System-based  graphics  tool  for  displaying  waveforms  and  per¬ 
forming  basic  analysis  operations.  The  development  of  this  system  began  in  response  to  a 
need  for  an  X  Window  program  to  display  waveforms  in  a  free  format,  with  a  highly 
interactive  user  interface  suitable  for  research  applications,  geotool  was  introduced  to  the 
research  community  early  in  its  development,  and  user  needs  have  been  the  primary  guide 
for  its  design.  The  general  design  philosophy  is  to  incorporate  functionality  to  meet  specific 
user  needs  in  a  manner  which  minimizes  restrictions  imposed  on  the  program  as  a  whole. 
Maintaining  program  flexibility  is  a  high  priority.  No  unnecessary  restrictions  are  imposed 
on  how  a  user  can  combine  program  options,  so  that  in  addition  to  satisfying  specific  user 
needs,  the  system  will  also  have  the  potential  to  meet  many  unanticipated  research  needs. 

The  program  has  several  general  functional  requirements.  It  must  be  able  to  interpret 
all  CSS  3.0  database  tables.  These  can  be  read  directly  from  disk  files,  or  optionally 
obtained  from  an  ORACLE  database.  The  user  interface  should  be  as  intuitive  as  possible, 
eliminating  the  need  to  study  lengthy  operation  manuals.  The  data  display-delay-time  (the 
time  the  program  requires  to  read  and  plot  waveforms  on  the  screen)  must  be  minimized. 
The  program  must  offer  a  set  of  convenient  graphical  tools  enabling  a  complete  visual  exam¬ 
ination  of  the  data.  A  basic  set  of  data  analysis  functions  must  be  included,  and  the  pro¬ 
cedure  for  integrating  new  analysis  functions  should  be  as  simple  as  possible.  The  program 
must  be  capable  of  functioning  in  two  different  environments:  it  must  be  able  to  interface 
with  other  software  at  the  Center  for  Seismic  Studies,  and  it  must  also  be  a  standalone  sys¬ 
tem  easily  ported  to  other  environments.  In  its  basic  configuration,  the  current  system 
requires  only  an  X  Window  server.  No  EPC  or  database  software  is  needed.  Executables 
are  currently  available  for  SUN3,  SUN4  and  SGI  machines. 

This  report  is  basically  an  introduction  to  geotool,  including  an  overview  of  the 
system’s  current  functionality  with  illustrations  of  its  graphical  tools  and  analysis  functions 
and  some  example  applications. 
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2.  GRAPHICAL  TOOLS 

geotoci  has  an  unconventional,,  if  not  innovative  waveform  display  format.  There  is 
only  one  set  of  axes  for  all  waveforms  displayed  (Figure  1).  The  x-axis  represents  relative, 
not  absolute  time.  The  y-axis  can  represent  a  sort  index,  distance,  back  azimuth,  not  the 
usual  amplitude.  This  format  was  chosen  to  allow  an  object  oriented  interaction  with  the 
waveforms.  With  mouse  movements,  individual  waveforms  can  be  "grabbed"  and  reposi¬ 
tioned  anywhere  within  the  display  window.  Similarly,  a  waveform’s  amplitude  scale  can  be 
changed  by  grabbing  the  curve  and  stretching  it  either  away  from  or  toward  the  mean  ampli¬ 
tude.  This  "free"  display  format  is  very  convenient  for  comparing  waveforms  by  overlaying 
them  and  adjusting  their  amplitude  scale,  and  it  also  allows  waveforms  to  be  positioned  over 
travel  rime  curves,  a  program  option  discussed  below.  As  shown  in  Figure  1,  the  conven¬ 
tional  axes  coordinate  values,  absolute  time  and  amplitude  for  each  waveform,  are  displayed 
for  the  data  values  nearest  a  vertical  line  cursor  which  can  be  dragged  across  the  window. 
Time  windov/s  can  be  specified  using  a  set  of  vertical  line  cursors,  as  illustrated  in  Figures  5 
and  6. 
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Figure  1.  The  main  display  window  with  three  waveforms  from  three  different  events. 
The  x-axis  represents  relative  time  and  the  y-axis,  in  this  case,  simply  represents  input 
order.  The  window  beneath  the  waveforms  displays  absolute  time  and  amplitude 
values  for  the  nearest  data  point  of  each  selected  waveform  as  the  vertical  line  cursor 
is  dragged  horizontally  across  the  window. 


163 


The  waveforras  can  be  automatically  positioned  ''enicaily  by  soning  with  one  of  bever^l 
different  soning  criteria,  such  as  station  name,  distance  or  azimuth,  and  they  can  be  automat¬ 
ically  positioned  horizontally  according  to  absolute  rime,  time  minus  origin  time,  reduced 
time,  slownesses,  and  predicted  or  measured  arrival  times. 

The  visible  limits  of  the  waveform  display  window  can  be  changed  with  a  simple 
zoom-in  and  zoom-out  feature,  and  a  separate  magnify  window  allows  small  details  to  be 
examined  while  leaving  the  larger  picture  visible  (Figure  2.).  Scroll  bars  in  both  the  main 
and  magnify  windows  facilitate  viewing.  For  example,  a  hundred  waveforms  can  be  input 
into  the  main  window  and  scrolled  one  by  one  through  the  magnify  window.  Waveforms 
can  be  moved  against  a  background  of  travel  time  curves  to  assist  in  phase  identification. 
The  program  can  display  curves  for  JB  travel  times,  lASPEI  travel  rimes  and  regional  phase 
travel  rimes  computed  from  two-layer-crust  models.  When  origin  times  are  available, 
predicted  phase  arrival  rimes  can  be  displayed  as  tags  below  individual  waveforms,  as  shown 
in  Figure  3.  Measured  arrivals  can  also  be  displayed  as  tags  above  waveforms.  Waveforms 
can  be  aligned  on  predicted  and  measured  arrival  times,  geotool  has  a  set  of  tools  for  pick¬ 
ing  arrivals  and  measuring  amplitudes  and  periods.  It  is  particularly  efficient  at  making  such 
measurements  when  data  from  one  station  for  many  events  at  the  same  source  region  are 
examined  together. 


Figure  2.  Left:  The  main  display  window  of  geotool  displaying  distancc-soned 
records.  Right:  The  magnify  window  showing  an  enlargement  of  a  small  segment  of 
the  SI-iK/sz  record  which  is  enclosed  by  a  rectangle  in  the  main  window.  The  two 
windows  are  completely  coordinated  and  all  program  options  are  available  and 
displayed  in  both  windows. 
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Figure  3.  Left:  waveforms  can  be  freely  moved  against  a  background  of  selected  travel 
time  curves  to  assist  phase  identification.  Right:  When  origin  information  is  available, 
the  predicted  arrival  times  for  selected  phases  can  be  flagged  with  labels  beneath  each 
waveform. 


Nearly  all  of  geotool’s  graphical  windows  can  be  regenerated  into  a  PostScript  file. 
Current  output  options  include  page  orientation,  positioning  and  font  selection.  A  color 
option  is  supported  in  the  main  window. 

geotool  provides  a  map  window  on  which  stations,  sources  and  travel  paths  can  be 
displayed.  The  map  suppons  three  projections  and  coordinate  system  rotation.  Operations 
between  the  main  window  and  the  map  can  be  linked,  for  example,  repositioning  a  source  on 
the  map  can  reposition  waveforms  based  on  the  new  source  location. 

3.  ANALYSIS  FUNCTIONS 

geotool’s  analysis  functions  include  beamforming,  HR  filtering,  panicle  motion,  polari¬ 
zation  analysis  (Figure  4.),  Fourier  analysis  (Figure  5.),  cross  correlation, 
deconvolution/convolution  of  instrument  rej>pouses,  f-k  analysis  (Figure  6.),  a  spectrogram 
and  component  rotation.  These  operations  can  be  applied  to  whole  waveforms  or  segments 
by  designating  a  data  window  between  two  vertical  line  cursors. 

A  goal  of  the  current  project  is  to  isolate  these  analysis  functions  from  the  graphics  pan 
of  the  program  in  a  manner  which  will  allow  the  easy  integration  of  additional  or  replace¬ 
ment  analysis  functions.  For  example,  it  will  be  possible  to  substitute  another  f-k  algorithm 
for  the  one  supplied  with  geotool. 
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4.  IPC  FIJNCTIONS 


geotool  can  be  receive  requests  through  interprocess  communication  and  it  can  also  ini¬ 
tiate  communication  with  supponing  programs.  The  CSS  program  CenterView,  which  per- 
fonns  database  queries,  can  be  used  in  combination  with  geotool  to  .^^ather  and  display 
waveforms.  The  CSS  program  Xgbm,  which  generates  Gaussian  beam  synthetic  seismo¬ 
grams  can  also  communicate  with  geotool.  It  can  query  geotool  for  some  parameters 
needed  in  the  computation,  such  as  station  location,  start  and  end  rimes,  and  phases  to  be 
included,  and  it  can  request  geotool  to  automatically  display  the  synthetic  waveforms  beside 
the  corresponding  recorded  waveforms. 


Figure  4.  Left:  The  main  display  window  of  geotool  displaying  3-component  data  for 
which  a  time  window  has  been  selected.  Right:  Polarization  indicators  recrilinearity, 
incidence  and  azimuth  computed  for  the  data  window,  geotool  also  contains  a  polari¬ 
zation  filter  option  which  creates  a  polarized  trace,  based  on  the  recrilinearity, 
incidence,  azimuth  and  apenure  settings. 
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Figure  5.  Left:  The  main  display  window  of  geotool  displaying  a  waveform  for  which 
a  noise  window  and  a  signal  window  (both  105  seconds  wide)  have  been  selected 
using  two  sets  of  vertical  line  cursors.  Right:  The  amplitude  spectra  for  the  noise  and 
signal  windows  in  log/log  space.  _ 
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Figure  6.  Left:  The  main  display  window  of  geotool  displaying  array  data  for  which  a 
time  v/indow  has  been  selected.  Right:  A  contour  plot  of  slowness/slowness. 
Waveforms  can  be  aligned  and  beamed  for  any  Sx/Sy  values  by  simply  positioning  the 
crosshair  on  the  slowness  contour  plot. 
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5.  CONCLUSIONS 


geotool  has  proven  to  be  a  useful  data  display  and  analysis  system.  A  number  of 
researchers  at  institutions  in  addition  to  CSS  have  received  copies  of  the  program  and  have 
applied  it  to  their  own  projects.  It  has  proven  to  be  an  efficient  tool  for  making  measure¬ 
ments  interactively  on  large  data  sets.  Under  the  new  contract  which  is  just  now  underway, 
we  intend  to  make  the  program  even  more  useful  to  researchers  on  diverse  projects  by  ena¬ 
bling  the  integration  of  user-defined  analysis  functions.  Researchers  will  thus  be  able  to 
integrate  their  own  software  smoothly  with  geotool’s  display  and  measurement  capabilities. 
In  this  manner,  it  should  become  a  standard  piece  of  software  which  all  researchers  in  the 
ARPA  seismic  research  program  can  use,  and  we  intend  to  make  it  generally  available 
throughout  the  seismological  community.  For  more  information  about  the  program  and  its 
current  availability,  please  contact  the  authors  at  the  addresses  give  above,  or  electronically 
at  ihenson(2)beno.CSS.GOV  or  coyne(2) beno.CSS.GOV. 
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OBJECTIVE 

The  objective  of  our  program  is  to  develop  new  seismic  array  technology 
for  use  in  a  global  data  exchange  program  conducted  under  the  auspices  of  the 
United  Nations  Conference  on  Disarmament  (UN/CD).  Current  UN/CD  plans 
call  for  a  full  scale  data  exchange  experiment  to  begin  in  early  1995.  The 
plans  include  a  network  of  up  to  50  'Alpha'  array  stations  sending  continuous 
data  to  an  International  Data  Center  (IDC).  In  addition,  there  could  be  as 
many  as  150  'Beta'  stations  which  can  send  data  to  the  IDC  on  request,  to 
refine  the  locations  of  events  determined  from  the  Alpha  network. 

SMU  participation  in  the  program  involves  the  construction  of  two 
experimental  seismic  arrays,  one  in  Egypt  approximately  100  km  east  of  the 
city  of  Luxor,  to  be  named  the  Luxor  Experimental  Seismic  Station  (LUXESS) 
and  one  at  the  existing  Lajitas  (LTX)  station,  designated  the  Texas 
Experimental  Seismic  Station  (TEXESS).  Both  these  arrays  will  then  perform 
as  Alpha  stations  in  the  global  network. 

Modern  seismic  data  acquisition  equipment,  implementation  of  the  Global 
Positioning  System  (GPS)  and  the  advancement  of  Radio  Frequency  (RF) 
digital  modem  technology  has  allowed  us  to  minimize  the  construction 
requirements  of  a  traditional,  NORESS  or  GERESS  type  array.  We  have 
already  begun  the  construction  of  the  prototype  experimental  array  at  the  LTX 
site.  The  array  consists  of  eight  vertical  seismometer  sites  and  one  three 
component  site,  configured  as  one  central  location  and  two  'rings'.  The 
central  location  has  a  three  component  system,  the  inner  'ring'  contains  three 
vertical  systems  with  a  radius  of  approximately  0.5  km  and  the  outer  'ring' 
contains  five  vertical  systems  at  a  radius  of  approximately  2.0  km. 

In  addition  to  providing  the  array  systems  we  are  developing  new  data 
processing  techniques  required  for  arrays  with  smaller  numbers  of  elements. 
The  most  promising  technique  is  based  on  a  cross  correlation  method  and  is 
similar  to  that  described  by  Bernard  Massinon  in  his  description  of  a  proposed 
array  in  France,  which  he  presented  at  the  GERESS  symposium  in  Bavaria. 
Preliminary  results  indicate  that  cross-correlalion  methods  applied  to  data  from 
a  sparse  array  will  yield  substantially  better  estimates  of  azimuth  for  regional 
events  than  current  estimates  utilizing  a  25  element  array. 

RESEARCH  .A-CC-OMEUSHMENIS 

The  following  pages  reflect  research  accomplishments  to  date. 
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(iCKI£SS  array  geometry  is  a  copy  of  NORESS,  ARCESS,  utilizing  a  central  hub  (hat  sends  power  to  each  site  and 
sends  data  on  buried  fiber  optic  cables. 

CERESS  is  technologically  advanced  over  previous  arrays  with  greater  sensitivity  and  wider  dynainic  range. 
CERESS  design  began  in  1987  and  was  inipleinented  in  1990. 
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Research  and  development  Is  required  to  adapt  the  new  array  design  to  a  variety  of  terrains  and  climates  and  provide  for 
data  authentication. 


The  GERESS  array  geometry  and  design  was  a  copy  of  previous  successful  arrays 
in  Scandinavia,  NORESS  and  ARCESS.  The  installation  is  similar,  utdi/.ing  a 
central  hub  that  sends  power  to  each  underground  vault  on  cables  buried  in 
conduit.  Timing  signals  and  intra-array  communications  are  carried  on  buried 

fiber  optic  cables. 


Table  6:  Types  and  Volumes  of  Data  in  the  Global  System 
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to  the  United  Nations  Conference  on  Disarmament  Group  of  Scientifc  Experts 
calling  for  the  establishment  or  upgrading  of  50  seismic  arrays  for  the  next  GSE 
Technical  Test  ,  which  is  scheduled  to  begin  in  early  1995. 
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This  schematic  diagram  shows  the  design  of  the  prototype  GSE-Alpha  array 
being  built  in  southwest  Texas  designated  TEXESS,  the  Texas  Experimental 
Seismic  Station.  TEXESS  is  a  9  element  array  utilizing  the  latest  tcchiiologj 
and  incorporating  new  concepts  in  design  and  installation  procedures. 
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AUTOMATED  ANALYSIS  OF  REGIONAL  WAVE  PROPAGATION 


R.  B.  Herrmann 

Department  of  Earth  and  Atmospheric  Sciences 
Saint  Louis  University 
rbh@slusti.slu.edu 

TEL:  314/658-3131  FAX:  314/658-3117 
AFOSR  Contract  No.  F49620-93- 1-0276 

OBJECTIVE 

The  objective  of  the  research  effort  is  to  develop  a  robust  technique  for  invert¬ 
ing  regional  waveforms  for  earth  structure/seismic  source  parameters.  The  portion 
of  the  program  for  determining  earth  structure  will  be  based  on  modal  summation 
and  variational  techniques.  The  program  will  then  be  used  to  perform  the  following 
tasks: 

1)  Using  broadband  regional  seismic  data  in  the  distance  range  of  0  -  300  km, 
determine  the  limits  of  simple  1-D  plane  layered  earth  models  in  matching 
observed  data. 

2)  Apply  the  program  to  broadband  data  sets  from  Iran  to  the  Arabian  shield  to 
better  define  curstal  structure  and  capability  of  source  discrimination  in  the 
regional  distance  range  out  ot  10°. 

RESEARCH  ACCOMPLISHED 

Initial  efforts  have  combined  forward  modeling  techniques  with  systematic 
search  over  the  source  parameter  space.  The  reason  for  this  initial  approach  is  to 
build  up  experience  in  the  difficulties  inherent  in  modeling  broadband  data.  Con¬ 
siderable  work  has  already  been  done  in  a  series  of  papers  by  Helmberger  and  oth¬ 
ers  at  the  Seismology  Laboratory  of  CALTECH.  Their  papers  have  emphasized  the 
value  of  matching  the  P  and  S  wavefields  and  the  sensitivity  of  the  smrface  wave  to 
shallow  structiure.  Hence,  fo  determine  source  parameters,  they  place  more  confi¬ 
dence  on  the  body  waves  that  sample  the  lower  crust  than  on  the  surface  waves. 

On  the  other  hand,  given  only  a  single  recording  of  an  event,  it  may  not  be 
prudent  to  reject  the  surface  wave,  a  significant  portion  of  the  wavefield,  for  source 
determination,  especially  when  the  surface  wave  may  have  the  greatest  S/N  ratio. 
In  some  cases,  the  siuface  wave  may  be  less  sensitive  to  model  assumptions  than 
the  body-waves.  An  example  of  this  is  for  events  in  a  subduction  zone  recorded 
inland.  In  this  case,  the  validity  of  using  1-D  wave  propagation  models  for  rays  leav¬ 
ing  the  source  downward  may  undergo  significant  plate  interaction  prior  to  propa 
gating  in  a  normal  1-D  crust,  while  rays  propagating  upward,  which  would  include 
significant  parts  of  the  surface  wave,  could  be  described  by  a  1-D  upper  crustal 
model. 

USE  OF  FORWARD  MODELING  FOR  SOURCE  STUDIES 

INTRODUCTION 
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The  puiT^ose  of  this  exercise  is  to  use  Computer  Programs  in  Seismology 
to  analyze  data  from  the  broadband  station  at  UNAM.  The  illustration  used 
the  Very  Broad  Band  data  of  the  earthquake  of  March  31,  1993.  The  Servicio 
Sismologico  Nacional  location  was  17.19°N,  101.01°W  with  a  depth  -10  km 
and  an  origin  time  of  10^18“^15.69^®^.  UNAM  is  305.6  km  from  the  event, 
along  an  azimuth  of  39°,  with  an  approximate  back  azimuth  of  219°.  The  first 
sample  of  the  digital  file  is  18.11  seconds  after  the  origin  time.  The  P-wave 
first  motion  at  UNAM  is  a  compression.  The  takeoff  angle  computed  using 
the  location  program  is  51°. 

DATA  MODELING 


Initial  Model 

The  data  were  extracted  from  the  UNAM  format,  and  processed.  Group 
velocities  were  determined  using  multiple  filter  analysis,  and  these  were  used 
to  define  the  first  initial  model,  called  Model  1  in  Table  1. 


Table  1 
Earth  Models 


H 

(km) 

Vp 

(km/s) 

(km/s) 

P 

(gm/cm^) 

Qp 

Qs 

Model  1 

5 

5.18 

3.047 

2.54 

300 

150 

10 

6.23 

3.60 

2.77 

300 

150 

10 

6.48 

3.74 

2.85 

300 

150 

10 

6.63 

3.83 

2.88 

300 

150 

.. 

8.00 

4.70 

3.31 

800 

400 

Model  2 

5 

4.987 

2.933 

2.497 

400 

200 

10 

6.202 

3.581 

2.761 

400 

2C0 

10 

6.484 

3.742 

2.845 

400 

200 

5 

6.649 

3.842 

2.889 

400 

200 

10 

6.653 

3.844 

2.890 

400 

200 

-- 

8.001 

4.700 

3.310 

400 

200 

Green’s  functions  were  computed  using  both  modal  superposition  and 
wavenumber  integration.  Figure  1  presents  a  comparison  of  the  observed 
and  synthetic  data  in  the  0.05  Hz,  0.10  Hz  and  the  0.50  Hz  lowpass  bands  (a 
second  order  lowpass  Butterworth  filter  is  used).  A  focal  mechanism  with 
angles  of  dip  of  85°,  a  rake  of  85°,  a  strike  of  285°  and  a  depth  of  15km  are 
used. 

In  these  figures,  in  each  set  of  three  traces,  (a)  is  the  filtered  observed 
data,  (b)  is  the  filtered  wavenumber  integration  synthetic,  and  (c)  is  the  fil¬ 
tered  modal  summation  synthetic.  It  is  obvious  that  the  modal  summation 
agrees  with  the  wavenumber  integration  results  for  arrivals  following  S,  or 
more  precisely  for  arrivals  with  phase  velocities  less  than  4.7  km^s. 

The  comparison  between  the  observed  and  S3mthetic  vertical  component 
time  histories  is  quite  good.  The  low  frequency  components  of  the  radial  com¬ 
ponent  agree  well  at  low  frequencies,  but  the  synthetics  do  not  have  the  large 
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Fig.  1.  Comparison  of  observed  (a),  wavenumber  integration  (b)  and  modal  superposition 
synthetics  (c)  for  lowpass  comer  frequencies  of  0.05, 0.10  and  0.50  Hz.  The  source  depth  is  15 
km.  All  time  histories  start  38  seconds  after  the  origin  time  and  continue  to  140.2  seconds 
after  the  origin  time. 


S-arrival  as  is  observed.  The  observed  transverse  component  is  more  compli¬ 
cated  than  predicted. 

Since  the  units  given  in  the  velocity  model  for  the  synthetics  were  km, 
km/s  and  gm/cm^,  the  filtered  synthetic  ground  velocities  are  in  cm/s  for  a 
seismic  moment  of  1. 0  a:  10^°  dyne-cm.  By  using  just  the  ratio  of  peak  ampli¬ 
tudes  on  the  vertical  and  radial  components  of  the  observed  to  wavenumber 
integration  synthetics,  we  obtain  the  seismic  moment  estimates  listed  in 
Table  2.  The  interesting  thing  about  this  comparison  is  the  consistency  of  the 
Z  estimate  in  different  frequency  bands  and  the  significant  variation  of  the  R 
component  estimate  at  high  frequency.  This  again  reflects  the  large  observed 
S-wave  arrival  on  the  R  component,  which  is  not  described  by  this  simple, 
plane  layered  model. 

The  comparison  also  shows  little  sensitivity  in  the  waveforms  to  source 
depth,  but  also  that  the  P-wave  wave  is  well  modeled.  This  may  be  because 
the  P-wave  and  its  coda  are  due  to  waves  propagating  in  the  upper  crust, 
while  the  problematic  S-wave  pulse  depends  on  deeper  crustal  structure  or  to 
interesting  S-wave  paths  along  the  descending  slab  at  the  source. 

Due  to  the  location  of  the  seismograph  station  with  respect  to  the 
source,  there  is  little  sensitivity  to  small  changes  in  dip  and  rake  angles  in 
the  synthetics.  This  lack  of  sensitivity  may  be  due  to  the  lack  of  a  good  SH 
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Table  2 

Seismic  Moment  Estimates 


Depth 

(km) 

Filter  Band 
(Hz) 

Estimate  ( lO'^'* 
Z 

dyne-cm) 

R 

15 

0.05 

1.20 

1.88 

0.10 

1.16 

1.82 

0.20 

1.47 

4.85 

0.50 

1.65 

12.4 

25 

0.05 

1.71 

2.82 

0.10 

1.92 

3.23 

0.20 

1.61 

10.2 

0.50 

1.96 

17.8 

arrival  froin  the  source  for  this  mechanism,  e.g.,  unfortunately  UNAM  is  at 
an  SH  node  for  this  event. 

Revised  Model  and  Depth  Sensitivity 

The  initial  model  used  surface  wave  data  in  the  10  -  35  second  period 
range.  Study  of  the  dispersion  in  the  xspmfldl)  display,  showed  what  looked 
like  fundamental  mode  Rayleigh  wave  dispersion  in  the  5  -  10  second  period 
range.  In  addition,  the  model  was  changed  to  permit  a  depth  to  the  Moho  of 
40  km  instead  of  35  km.  If  the  short  period  dispersion  was  really  to  be  fit,  the 
top  layer  could  be  split  into  two  layers,  and  the  damping  reduced.  The  model 
so  obtained  is  given  as  Model  2  in  Table  1.  Figure  2  shows  the  fit  of  Model  2 
predicted  group  velocities  to  the  observed.  The  model  does  not  do  well  at  long 
periods,  where  the  observed  value  of  about  3.45  km/s  may  be  too  large.  At 
very  short  periods,  the  presence  of  a  shallow  2  km  thick  low  velocity  layer  is 
required.  Because  of  the  upper  period  limit  of  the  observed  data  is  less  than 
30  sec,  the  lower  crust  of  the  model  is  not  well  resolved. 

The  purpose  of  this  model  was  to  .study  the  effect  of  depth  on  the  syn¬ 
thetic  seismograms.  Figure  3  presents  a  comparison  of  the  observed  and  syn¬ 
thetic  seismograms  for  different  source  depths  after  lowpass  filtering  the  data 
at  0.05  Hz.  In  each  figure,  the  top  trace  is  the  observed  signal,  and  the  others 
are  for  sources  with  focal  depth  increasing  from  5  to  35  km.  The  mechanism 
is  fixed  in  these  figures. 

There  are  several  notable  features  in  this  figure.  First  the  observed  high 
frequency  shear-wave  pulse  on  the  radial  component  is  not  well  modeled.  The 
particle  motion  seems  to  indicate  an  SV  arrival  steeply  incident  at  the  free 
surface,  thus  giving  a  large  horizontal  motion.  Since  this  arrival  dominates 
the  high  frequency  pass  band,  it  is  important  to  determine  if  this  arrival  is 
seem  for  other  earthquakes.  Possible  explanations  are  either  the  need  for  a 
much  more  refined  lower  crust  model  than  is  used  in  Model  2,  or  perhaps  the 
need  to  consider  2-D  wave  propagation  from  a  source  in  the  descending  slab, 
with  a  complicated  ray  path  for  the  shear  wave  leaving  the  source  in  a  down¬ 
ward  direction. 
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Fig.  2.  Observed  (curve)  and  predicted  (symbols)  Rayleigh  fundamental  mode  group  veloci¬ 
ties  for  Model  2. 


Another  feature  is  the  sensitivity  of  the  width  of  the  fundamental  mode 
Rayleigh  wave  pulse  to  depth.  As  depth  increases,  this  pulse  decreases  in 
amplitude  and  increases  in  width,  both  of  which  follow  directly  from  eigen¬ 
function  theory.  There  is  a  subtle  indication  that  the  P-wave  code  on  the  R 
component  is  sensitive  to  depth,  since  the  peaks  shift  to  later  time  with 
depth. 

Focal  Mechanism  Sensitivity 

The  focal  mechanism  for  this  event  was  determined  one  the  basis  of  an 
initial  estimate  from  P-wave  first  motion  data,  and  from  a  search  of  wave¬ 
form  using  a  simple  shell  script.  Determining  a  precise  focal  mechanism  was 
hampered  by  the  fact  that  there  is  no  strong  SH  arrival  in  the  long  period 
band  of  the  observed  data.  This  necessary  constraint  places  significant 
reUance  on  the  Rayleigh-wave  and  P-wave  arrivals  on  the  Z  and  R  compo¬ 
nents,  neither  of  which  were  very  sensitive  to  changes  in  strike,  dip  and  rake 
of  ±15°  about  the  solution  used  above.  The  strike  is  certainly  not  315°,  since 
the  SH  motion  has  a  polarity  opposite  to  that  observed. 

The  display  script  requires  a  Tektronix  window  (easily  obtained  from 
xterm(l)  by  using  the  Control-Center_Mouse_Button  to  invoke  a  menu).  To 
use  this  script,  it  is  assumed  that  Green’s  fimctions  have  been  computed. 
Here  they  are  File91.c^ep^/l,  which  were  computed  using  hspec91(VI).  If  only 
the  shear  wave  and  surface  waves  are  to  be  modeled,  then  modal  summation 
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Fig.  3.  Sensitivity  test  of  waveforms  to  changes  in  source  depth  for  the  earthquake  of  March 
31,  1993.  A  two-pole  lowpass  Butterworth  filter  with  comer  at  0.05  Hz  is  used.  A  total  of 
102.2  seconds  of  time  history  are  displayed,  starting  38.0  seconds  after  the  origin  time.  All 
time  histories  are  filtered  ground  velocities  with  units  of  cm/s.  A  focal  mechanism  with 
dip=25®,  rakesBS®  and  strike=285®  is  used.  The  UNAM  station  is  at  an  azimuth  of  39®  from 
the  source  at  a  distan  ce  of  305.6  km.  The  back  azimuth  for  rotation  into  R  and  T  components 
is  assumed  to  be  219®.  (a)  observed  trace,  (b)  source  depth  =  5  km,  (c)  10  km,  (d)  15  km,  (e) 
20  km,  (f)  25  km,  (g)  30  km,  and  (h)  35  km. 


can  be  used,  an  example  of  this  script  is  also  shown.  What  makes  this  script 
interesting  is  the  use  of  the  program  finplot(VIII)  to  display  the  current  focal 
mechanism  and  the  S-wave  polarization  on  the  focal  sphere,  Certainly  the 
display  window  can  be  ftirther  used  to  simultaneously  display  the  fits  to 
another  data  set  or  to  indicate  the  goodness  of  fir  to  P-wave  first  motion  data. 


Script  MM91  •  uae$  wavenumber  integration  Green’s  functions 

#!/biii/sh 

nnplot* 

for  FH  in  05 
do 

for  DEPTH  in  15 
do 

for  DIP  in  25 
do 

for  RAKE  in  05 
do 


forSTEin  285 
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do 


cltek 

echo  DIP  $DIP  RAKE  SHAKE  STRIKE  $STK  >  /dev/nuU 

cat  Files  1.${DEPTH>  |  mechSl  -MO  13000  -R  -D  $|DIP}  -S  $(S1K)  -L  SlRAKEl  -A  39  -B  219  |  \ 
bfi!t3  -Qi  0.$(FH)  -n  2  >  junk 

plot3  -ts  38  -te  130  -£1  fileobs3ZRT.0.$|FH)  -f2junk  >/d6v/null 
rmjunk 

finplot  -dip  SIDIP)  -slip  SlRAKEl  -stk  SISTKl  -XO  9.0  -YO  3.0  -R  1.0  -F^IFTLL  >  /dev/nuU 
mvFTktPLOTFMPLOTP 

finplot  -dip  SIDIP)  -slip  SIRAKE)  -stk  SISTKl  -XO  9.0  -YO  5.5  -R  1.0  -pol  >  /dev/null 
mv  FMPLOT  F^IPLOTPOL 

cat  plot*  FTfclPLOTP  F^IPLOTPOL  |  plot  4014  -N  S0.8 
rin  FMPLOTP  FMPLOTPOL 
rm  plot* 
sleep  1C 

done 

done 

done 

done 

done 


and 


Script  MM  -  uses  surface-waue  Green’s  functions 

#!/bin/sh 
rm  plot* 
for  FK  in  05 
do 

for  DEPTH  in  15  25 
do 

for  DIP  in  25 
do 

for  RAKE  in  85 
do 

for  STK  in  286 
do 

cltek 

echo  DIP  SDIP  RAKE  SHAKE  STRIKE  SSTK  >  /dev/null 

cat  wigOl.SlDEPTH)  [  machOl  -MO  15000  -R  -D  SIDIPt  -S  StSTK)  -L  SIRAKE)  -A  39  -B  219  |  \ 
bfilt3  -fh  O.SIFHI  -n  2  >  junk 

plots  -ts  38  -to  130  -fl  flleobsSZRT.O.SlFlI)  -12  junk  > /dev/null 
rmjunk 

finplot  -dip  SIDIPI  -slip  SIRAKE)  -stk  SISTK)  -XO  9.0  -YO  3.0  -R  1.0  -FMFTLL  >  /dev/null 
mv  FMPLOT  FMPLOTP 

finplot  -dip  SIDIP)  -slip  SIRAKE)  -stk  SISTK)  -XO  9.0  -YO  5.5  -R  1.0  -pol  >  /dev/null 
mv  FMPLOT  FMPLOTPOL 

cat  plot*  FMPLOTP  FMPLOTPOL  |  plot_4014 -N -S0.8 
nn  FMPLOTP  FMPLOTPOL 
rm  plot* 
sleep  10 

done 

done 

done 

done 

done 
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These  scripts  are  used  as  follows:  to  change  the  presentation,  just  add 
more  entries  to  the  for  loop  entries,  e.g., 

for  STKin  270  285  300  315 

The  surface  wave  Green’s  functions  have  been  computed  using  the  program 
wigSKIII).  In  each  case  the  file  fileobs3ZRT.0.XK  contains  the  corresponding 
filtered  observed  data.  The  command  cltekd)  erases  the  Tektronix  screen. 

Figures  4  and  5  show  what  would  be  seen  on  the  screen  by  using  these 
scripts.  This  emphasizes  the  ability  to  place  a  lot  of  information  on  the  screen 
to  assist  the  analyst. 


z 

30S.6 


R 

305.6 


T 


305.6 


AZalt.OO  lAbllO.OO  MOMiltOOO.CO  TAUaO.200 
OT  •0.2000  OIPa2S.OO  SLIPatf.OO  STRa2l(.00 
THIN  air. t1  THAXa12«.«1  OISTalOl.OO  DCPTHaK.OO 

Fig.  4.  Demonstration  of  the  script  MM91. 


DISCUSSION  AND  RECOMMENDATIONS 

This  example  illustrates  that  models  can  be  derived  to  describe  the  low 
frequency  portion  of  the  P-wave  and  surface-wave  fields,  but  also  that  the 
same  models  are  not  adequate  for  describing  the  high  frequency  S-wave 
arrivals.  This  may  be  due  to  the  simple  1-D  models  used,  but  may  also  be  due 
to  wave  propagation  in  a  2-D  model  with  dipping  interfaces.  Until  the  wave¬ 
form  inversion  program  is  completed,  we  cannot  distinguish  between  these 
two  possibilities.  It  is  anticipated  that  the  waveform  modeling,  even  using 
1-D  models,  will  provide  very  strong  constraints  on  crustal  structure,  and 
hence  indirectly  on  the  use  of  regional  waveforms  for  source  discrimination. 
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Project  Objective 

The  primary  objective  of  this  study  is  to  develop  and  apply  improved  statistical  methodologies  for 
relating  seismic  magnitudes  to  explosion  yields,  treating  both  magnitudes  and  yields  as  uncertain  vari¬ 
ables  and  incorporating  the  censored  information  into  the  yield  estimation  procedure.  Parallel  to  the 
extensive  statistical  analysis  of  teleseismic  phases  and  the  regional  phase  Lg ,  forward  modeling  experi¬ 
ments  are  also  utilized  to  improve  the  fundamental  understanding  of  how  energy  from  explosions  and 
other  sources  is  partitioned  into  various  seismic  wave  types  due  to  different  geological  models. 

Research  Accomplished 

1.  Expansion  of  Explosion  m^  Database:  Our  database  of  station  mi,  values  based  on  the  short- 
period  vertical-component  (SP2)  recordings  of  body  waves  has  been  expanded  from  112  to  252  events 
from  a  variety  of  regions  including  the  NTS  (U.S.),  French  Sahara,  Azgir  (U.S.S.R.),  Orenburg 
(U.S.S.R.),  Urals  (U.S.S.R.),  Murzhik  (E.  Kazakh,  U.S.S.R.),  Degelen  Mountain  (E.  Kazakh,  U.S.S.R.), 
Balapan  (E.  Kazakh,  U.S.S.R.),  Novaya  Zemiya  (U.S.S.R.),  Tuamoto  Islands  (France),  Rajasthan 
(India),  and  Lop  Nor  (Sinjiang,  China),  This  database,  which  is  currently  dominated  by  WWSSN  [World 
Wide  Standard  Seismograph  Network)  recordings,  consists  of  744  usable  “a”  (i.e. ,  zero-crossing  to  first 
peak),  “b"  {i.e.,  first  peak  to  first  trough),  and  "max"  {i.e.,  max  peak-to-trough  or  trough-to-peak  in  the 
first  5  seconds)  event  phases.  Along  with  other  utility  software  developed/updated  under  this  project 
(e.g,,  Jih,  1993b),  this  data  set  is  being  installed  at  CSS  (JIh  et  ai.,  1993). 

2.  Methodological  improvement  in  m^  Determination:  The  standard  procedure  used  in  estimating  the 
source  size  of  underground  nuclear  explosions  using  measurements  has  been  to  separate  the  sta¬ 
tion  terms  from  the  network-averaged  source  terms.  The  station  terms  thus  derived  actually  reflect  the 
combination  of  the  path  effect  and  the  station  effect,  when  only  those  events  in  a  close  proximity  are 
utilized.  If  worldwide  explosions  are  used  in  the  inversion,  then  the  path  effect  tends  to  be  averaged  out 
at  each  station.  In  either  case,  the  effect  due  to  the  propagation  path  alone  would  not  be  obvious.  In  this 
study,  we  decompose  the  station  magnitudes  with  the  following  joint  model: 

E(i)  S(j)  +  F(k,j)  +  e(l,j)  =  log,o(A(l,j)/T(i,j)]  +  B(A(i,j)) .  [1] 

The  right-hand  side  of  [1]  is  the  conventional  raw  station  mt,  of  the  i-th  event  observed  at  the  j-th  station 
where  A,  T,  and  B(A)  are  the  displacement  amplitude,  the  dominant  period,  and  the  distance-correction 
term,  respectively.  On  the  left-hand  side,  S  represents  the  station  correction,  and  F(k,j)  is  the  path 
correction  at  the  j-th  station  for  explosions  from  the  k-th  source  region.  The  resulting  new  event  magni¬ 
tude  {viz. ,  E(i)  in  [1])  is  hereby  called  1712.9  to  avoid  confusion  with  the  m3  defined  in  Marshall  et  ai. 
(1979)  that  corrects  for  the  source-region  attenuation  and  station  terms  solely  based  on  published  P„ 
velocity.  Short-period  P-wave  amplitudes  of  252  worldwide  underground  nuclear  explosions,  including  30 
blasts  from  northern  Novaya  Zemiya  and  114  from  Semipaiatinsk,  recorded  at  132  seismic  stations  have 
been  used  in  one  single  inversion.  Table  1  gives  a  partial  listing  of  the  resulting  station  and  path  terms 
for  nine  major  test  sites  in  Eurasia.  Applying  these  path  and  station  corrections  to  any  individual  explo¬ 
sions  would  yield  a  reduction  in  the  fluctuational  variation  of  station  magnitudes  with  a  factor  ranging 
from  1.2  to  3.  Most  Novaya  Zemiya  events  have  a  typical  reduction  factor  of  2  (Jih  and  Wagner, 
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lS92ab:  Jih  et  al.,  1993). 

The  inferred  path  terms  for  Novaya  Zemlya  and  Semipalatinsk  explosions  have  been  compared 
against  the  travel-time  residuals  to  characterize  the  propagation  paths  (Jih  and  Wagner,  I992ab).  Our 
results  indicate  that  paths  from  the  northern  test  site  in  Novaya  Zemlya  to  stations  in  North  America 
have  systematically  faster  arrivals  and  smaller  amplitudes,  suggesting  a  profound  defocusing  effect  on 
the  first  arrivals,  whereas  stations  in  Ireland.  Scotland,  Spain,  Bangladesh,  northern  India,  Pakistan, 
Korea,  and  Kenya  report  slow  arrivals  and  large  amplitudes,  suggesting  a  focusing  effect.  Amplitudes  for 
paths  to  Greenland,  Iceland,  Alaska,  Turkey,  Germany,  Luzon,  Zimbabwe,  Italy,  Pueto  Rico,  Ethiopia, 
and  Hawaii,  however,  seem  to  be  controlled  by  the  aneiastic  attenuation  with  slow  rays  also  associated 
with  small  amplitudes,  and  fast  rays  associated  with  large  amplitudes.  Our  empirical  path  corrections  for 
Semipalatinsk  explosions  are  in  good  agreement  with  those  independently  derived  by  Marshall  et  al. 
(1992)  based  on  the  digital  data  recorded  at  4  U.K.-designed  arrays  (Jih  et  al.,  1993). 


Table  1.  'Partial  Listing  of  Receiver  and  Path  Terms  for  Eurasian  Nuclear  Test  Sites 


1  station  Term  [S] 

Pat 

h  Terms  [F]  ! 

1  Code 

Rev’ 

Azgir 

Orn 

Mzk 

Deg 

BTZ 

BNE 

BSW 

NNZ 

PRC'' 

1  AAE 

-.306^ 

.178 

.424 

-.452 

-.281 

-.530 

-.419 

-.351 

.360 

!  AAM 

.207 

.244 

.097 

-.357 

-.231 

-.051 

•  .124 

.272 

.160 

i  Mi 

-.022 

-.271 

-.013 

.144 

.277 

.051 

.147 

-.111 

-.407 

1  ANP 

-.163 

-.299 

.139 

-.266 

-.252 

-.134 

.074 

1  AQU 

-.117 

-.359 

.160 

-.115 

-.047 

-.124 

-.180 

-.115 

.619 

.249 

1  atD 

,170 

-.612 

.264 

-.201 

-.322 

.015 

.011 

.020 

.064 

.440 

1  BAG 

-.020 

.228 

.233 

-.248 

-.173 

-.149 

-.076 

-.178 

.211 

-.642 

1  BEC 

-.091 

-.111 

-.340 

-.123 

.288 

-.175 

.200 

-.202 

1  BKS 

.077 

.083 

-.065 

.113 

-.009 

-.081 

-.106 

.006 

-.173 

1  BLA 

-.022 

-.138 

-.447 

-.390 

-.182 

-.239 

-.191 

-.115 

.216 

1)  the  station  bias  which  needs  to  be  correaed  (in  addition  to  the  path  eKea). 

2)  BSW  >  SW  subsite,  Balapan,  BME  •  NE  subsite,  Balapan,  BTZ  «  transition  zone,  Balapan,  Deg  ■  Degelen  Mountain,  Mzk  >  Murzhik,  NNZ  >  northern  island,  No- 
vaya  Zemlya;  Azg  ••  Azgir,  Om  >  Orenburg;  PRC  •  Lop  Nor, 


3.  m^-Lg  Bias  at  Various  Test  Sites:  We  followed  the  zoning  of  Ringdal  et  al.  (1992)  in  partitioning 
Balapan  test  site  into  three  regions:  southwest  (SW),  transition  zone  (TZ),  and  northeast  (NE).  The 
mbiPrnsid-Lg  bias  of  0.07  m.u.  between  SW  and  NE  we  derived  {cf.  Table  2)  is  significantly  smaller 
than  that  of  previous  studies.  Regressing  the  RMS  Lg  furnished  by  Israeison  (1992)  and  our  m2.9  on 
the  yields  published  by  Bocharov  et  al.  (1989)  (and  Vergino,  1989)  show  that  NE  explosions  have  posi¬ 
tive  Lg  residuals  and  negative  mt,  residuals;  whereas  SW  explosions  show  the  opposite  trend.  A 
three-dimensional  geological  model  of  the  Balapan  test  site  by  Leith  and  Unger  (1989)  shows  a  distinct 
difference  between  the  NE  and  SW  portions  of  the  test  site,  with  the  granites  closer  to  the  surface  and 
the  alluvium  thinner  in  the  southwest.  The  thicker  alluvium  layer  in  NE  region  coukJ  increase  the 
waveform  complexity  and  reduce  the  magnitudes  measured  with  P^.  The  first  motion  should  be  least 
affected  by  this  factor,  however.  We  suggest  that  the  irib  -Lg  bias  between  SW  and  NE  Balapan  can 
be  tentatively  decomposed  into  several  parts: 

[I]  Difference  in  pP  between  SW  and  NE, 

[II]  Difference  in  mt,  coupling,  i.e. ,  mt,  (SW)  >  m^  (NE), 

[III]  Difference  in  Lg  coupling,  i.e.,  Lg  (NE)  >  Lg  (SW), 

[IV]  Effects  due  to  the  station-station  correlation  structure, 

[V]  Effects  due  to  the  uneven  geographical  clustering  of  stations,  as  well  as  any  path  effect  which  is  not 
fully  accounted  for  through  the  network  averaging. 

Based  on  our  012.9,  [I]  is  about  0.03-0.06  m.u.  {cf.  Table  3),  whereas  [II]  and  [111]  could  be  about  0.01- 
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0.02  m.u.  each.  The  bias  of  0.07  m.u.  for  m^fPmax)  (Table  2)  .j  essentially  the  sum  of  [I]  through  [III]. 
However,  when  m*  based  on  the  first  motion  is  used  (Table  2).  the  mt,  -Lg  bias  between  NE  and  SW 
regions  is  not  that  significant.  For  ISC  data,  we  estimate  that  [V]  is  about  0.02  m.u.  when  the  event  17)2.2 
values  derived  by  the  conventional  LSMF  are  used.  If  17)2.9  were  used  instead,  this  term  is  eliminated, 
and  hence  a  smaller  mt,  -Lg  bias  can  be  obtained,  as  it  should.  Our  current  mt,  determination  pro¬ 
cedure  as  described  in  [1]  may  not  eliminate  [IV]  completely.  However,  the  residual  contribution  of  the 
mter-station  correlation  alone  is  believed  to  be  relatively  insignificant  for  WWSSN  (as  compared  to  ISC) 
after  the  (site-dependent)  path  terms  are  removed. 


Table  2. 77)2.9  vs.  RMS  Lg  (NORSAR)’  at  Various  Sites 

Site  1  mt,(Pa)-mt,(Lg), 

r7)b(Pb)-n)b(Lg) ,  if 

77)b(P max)  THglLg) ,  it 

BSW 

-0.473±0.008  42 

'  -0.207i^.008  42 

0.013+0.009  42 

BNE 

-0.499±0.028  15 

-0.259±0.024  16 

-0.056±0.015  16 

BTZ 

-0.521±0.030  8 

-0.229±0.016  8 

-0.025±0.013  8 

Deg 

-0.469±0.046  5 

-0.194+0.042  5 

0.024±0.034  5 

Mzk 

-0.532±0.073  3 

-0.232±0.044  3 

-0.019±0.032  3 

KTS 

-0.486±0.009  73 

-0.221±0.008  74 

-0.007±0.007  74 

NNZ 

-0.527±0.019  15 

-0.305±0.022  15 

-0.128±0.023  15 

1)  from  Ringdai  and  Fyen  (1991)  and  Ringdal  at  al.  (1992).  2)  *:  numoarof  avants. 


Table  3.  rn^fP^ax)  and  mb(Pb)  vs.  mbiPa)  (with  77)2.9  only) 

Test  Site 

7r)b(Pb)-fr)b{Pa) 

77)b(P max)  77)b(Pa) 

It 

BSW 

0.271±0.006 

0.491  ±0.008 

48 

BNE 

0.235+0.023 

0.43110.031 

19 

BTZ 

0.302±0.017 

0.51310.029 

10 

Deg 

0.287+0.012 

0.51310.014 

21 

Mzk 

0.298±0.017 

0.52810.019 

13 

KTS 

0.274,±0.006 

0.49110.008 

111 

NNZ 

0.218±0.010 

0.39210.010 

30 

Om 

0.168±0.010 

0.42610.021 

8 

Azg 

0.410±0.049  . 

0.68610.058 

10 

PRC 

0.162±0.043 

0.40610.063 

13 

4.  Yield  Estimates  of  Semipalatinsk  Explosions:  We  have  recomputed  the  yield  estimates  of  Semi- 
palatinsk  explosions  based  on  the  path-corrected  mt,  values  (Jih  et  al.,  1993).  Rrst  motion  (viz.,  Pg) 
of  the  initial  short-period  P  waves  appears  to  be  a  very  favorable  source  measure  for  explosions  fired  in 
hard  rock  sites  underlain  by  a  stable  mantle  such  as  Semipalatinsk  (cf.  Table  4).  For  example,  based 
on  mt,(Pa)  alone  and  without  any  extra  cratering-to-contained  correction,  the  Balapan  explosion  of  Jan 
15, 1965,  is  estimated  to  have  a  yield  of  119  kt.  The  mt,(Pa)  -based  yield  estimate  for  the  JVE  event  of 
Sep  14.  1988,  is  112  kt.  Between  100  and  150  kt,  the  m^  bias  between  Eastern  Kazakh  and  NTS  using 
our  mt,(Pma^  values  is  0.35  m.u.  (Table  5).  It  is  interesting  to  note  that  three  out  of  the  five  "historical 
events"  (for  which  the  yields  were  exchanged  in  1988)  have  a  yield  of  153  kt,  based  on  our  mt,(Pg) 
(Table  4).  The  remaining  two  historical  events  and  the  JVE  all  have  a  yield  very  close  to  112  kt,  based 
on  the  first  motion.  The  15  common  events  in  Israeison’s  (1992)  (IMS  Lg  data  set  and  our  7712.9  data 
set  for  which  the  Soviet-published  yields  are  available  show  very  weak  correlation  between  the  RMS  Lg 
and  77)2.9  residuals.  Hence  the  combination  of  these  two  methods  for  better  yield  estimate  is  justifiabie. 
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Table  4.  Yield  Estimates  of  Semipalatinsk  Explosions  1 


Event 

Epicenter 

Yield  Estimal 

e 

Yield  1 

Date  1  Site 

Lon  1  Lat 

Pa 

Pb 

P  max 

Announced  I 

6501 15B  BTZ 

79.009 

49.935 

119 

99 

84 

100-150  1 

6511 21 D  i  Dig 

78.064 

49.819 

25 

24 

23 

29  1 

66021 3D 

Deg 

78.121 

49.809 

221 

192 

187 

125  1 

660320D 

Deg 

78.024 

49.762 

92 

89 

92 

100 

660507D 

Deg 

78.105 

49.743 

2 

1 

1 

4 

661019D 

Deg 

78.021 

49.747 

45 

40 

35 

20-150 

661218M 

Mzk 

77.747 

49.925 

91 

77 

80 

20-150 

670226D 

Deg 

78!082 

49.746 

99 

87 

92 

20-150 

67091 6M 

Mzk 

77.728 

49.937 

11 

10 

11 

<20 

670S22M 

Mz!< 

77.691 

49.960 

7 

8 

9 

10 

671122M 

Mzk 

77.637 

49.942 

1 

1 

<20 

68061 9B 

BNE 

78.986 

49.980 

12 

13 

14 

<20 

680929D 

Deg 

78.122 

49.812 

53 

52 

50 

60 

690531 M 

Mzk 

77.694 

49.950 

6 

9 

9 

<20 

690723D 

Deg 

78.130 

49.816 

12 

13 

12 

■  16 

69091  ID 

Deg 

77.997 

49.776 

2 

2 

2 

<20 

691130B 

BTZ 

78.956 

49.924 

87 

111 

99 

125 

691228M 

Mzk 

77.714 

49.937 

62 

61 

59 

46 

700721 M 

Mzk 

77.673 

49.952 

12 

14 

14 

<20 

701104M 

Mzk 

77.762 

49.989 

24 

18 

18 

<20 

710322D 

Deg 

78.109 

49J98 

39 

38 

34 

20-150 

710425D 

Deg 

78.034 

49.769 

97 

89 

86 

90 

710606M 

Mzk 

77.660 

49.975 

20 

23 

22 

16 

710619M 

Mzk 

77.641 

49.969 

20 

20 

20 

<20 

710630B 

BTZ 

78.981 

49.946 

4 

6 

6 

<20 

711009M 

Mzk 

77.641 

49.978 

16 

13 

12 

12 

711 021 M 

Mzk 

77.597 

49.974 

20 

23 

23 

23 

711230D 

Deg 

78.037 

49.760 

35 

40 

37 

20-150 

72021 OB 

BNE 

78.878 

50.024 

18 

16 

16 

16 

720328D 

Deg 

78.076 

49.733 

6 

7 

7 

6 

72081 6D 

Deg 

78.059 

49.765 

8 

6 

6 

8 

720826M 

Mzk 

77.717 

49.982 

12 

14 

13 

<20 

720902M 

Mzk 

77.641 

49.959 

2 

2 

2 

2 

721102B 

BSW 

78.817 

49.927 

162 

175 

188 

165 

721 21 OB 

BNE 

79.011 

50.036 

129 

127 

140 

721210D 

Deg 

78.058 

49.819 

34 

38 

38 

20-150 

790804B 

BSW 

78.887 

49.903 

153 

150 

159 

HE 

791028B 

BNE 

78.994 

49.976 

116 

98 

106 

HE 

791223B 

BSW 

78.753 

49.933 

152 

150 

172 

HE 

811018B 

BSW 

78.846 

49.928 

113 

109 

112 

HE 

840526B  1  BNE 

79.004 

49.968 

153 

153 

131 

HE 

880914B  !  BSW 

78.823 

49.878 

112 

112 

133 

JVE 

HE:  historical  events  discussed  at  U.S.-U.S.S.R.  negotiation  during  ‘87-’88. 
JVE:  Joint  Verification  Experiment 


# 
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Table  5.  Expected  mb  Bias  Relative  to  NTS 

1  1  ^2.2 

1  ^2.9 

i  Phase/Site 

1  lOkt  1 

1  50kt  1 

1  lOOkt  1 

1  I50kt  i 

lOOkt  i 

1  150kt 

:  /ni,(P.nax)(KTS) 

1  0.47  1 

i  0.44 

1  0.42  i 

1  0.41 

0.35 

0.35 

1  m,b{Pb}  {KTS) 

[  0.50  1 

1  0.47 

046  i 

0.45 

1  0.43 

0.41 

0.40 

0.40 

;  mb(Pa)  (KTS) 

i  0.37 

0.37 

0.38 

0.38 

0.27 

0.29 

0.30 

0.31 

1)  KTS  >  all  5  jubsiiM  in  Eastern  Kazakn  combined. 

2)  m2^2  '  '"a  station  terms  corrected  (Jib  and  Wagner,  1991).  mj^g  •  m^,  with  staoon  and  path  temit  coiracied  (Jih  and  Wagner,  1992a,  1992b). 

3)  P,  ■  iha  lirst  motion  (0-tc-peaK):  Pi-  •  h'  pnasa,  drat  paak-to-drst  trough;  P^  •  the  peak-to-paak  amptituda  within  tha  dnt  5  seconds  (Jih  and  Shum- 
way.  1989). 

5.  Simultaneous  Inversion  of  Event  mj,(Lg)  and  Path  Attenuation:  An  iterative  procedure  is 
developed  to  invert  for  the  path  7  and  the  event  mb{Lg)  values  simuitaneously  without  using  any 
a  priori  path  7  information  (Jih,  1992).  This  joint  inversion  scheme  can  be  applied  to  data  from  multiple 
test  sites  as  well.  With  this  iterative  method,  it  is  rather  easy  to  incorporate  the  appropriate  constraint 
into  the  inversion.  The  iterative  scheme  is  less  sensitive  to  rounding  errors,  and  hence  it  is  numerically 
more  accurate  than  those  direct  methods  b^sed  on  matrix  factorization  or  Gaussian  elimination.  When 
the  number  of  equations  becomes  large,  the  iterative  method  is  often  the  only  practical  means  to  tackle 
the  problem.  The  necessity  of  incorporating  an  extra  constraint  is  also  reviewed  in  Jih  (1992).  This  joint 
inversion  scheme  is  a  natural  extension  to  crustal  phases  of  the  one  we  used  in  the  analyses. 

The  joint  inversion  scheme  has  been  applied  to  Nutlli’s  (1986,  1987)  Semipalatinsk  mb{Lg)  data 
set  recovered  by  ARPA/NMRO.  The  results  indicate  that  the  majority  of  Qo  values  Nuttli  used  in  his 
pioneering  Lg  study  are  very  good  except  for  the  path  from  Eastern  Kazakh  to  COP  (Copenhagen,  Den¬ 
mark).  Assuming  Nuttli’s  station  Lg  were  all  measured  at  1  Hz,  then  an  8%  increase  in  Nuttli’s  postu¬ 
lated  coefficient  of  anelastic  attenuation,  Qo.  for  this  particular  path  would  seem  to  be  necessary  in  order 
to  bring  the  station  recordings  at  COP  in  alignment  with  other  stations  (Jih,  1992). 

6.  Theoretical  Study  of  Ripple-fired  Explosions:  Ripple-fired  explosions  are  commonly  used  to  frag¬ 
ment  rocks  during  quarry  and  open-pit  mining.  The  periodicity  inherent  in  the  ripple  firing  could  produce 
a  seismic  reinforcement  at  the  frequency  of  the  delay  between  shots  or  rows.  Such  spectral  modulation 
can  be  easily  modeled  by  the  convolution  of  a  single  explosion  with  a  comb  function  of  variable  spacing 
and  amplitude.  There  are,  however,  other  wave  excitation  characteristics  of  ripple-fired  explosions  which 
are  not  predicted  by  such  spectral  or  waveform  superposition  approaches.  Numerical  modeling  tech¬ 
niques  such  as  the  linear  finite-difference  method  can  provide  insights  into  the  waveform  characteristics 
of  the  ripple-fired  explosions  by  using  various  flexible  combinations  of  the  experimental  set-up.  In  the 
siinplest  case  of  a  linearly  distributed  ripple-fired  explosion,  a  very  clear  Rg  is  excited  in  the  forward 
direction  of  the  ripple  firing.  This  result  supports  the  standard  industrial  practice  of  detonating  riffle 
shots  in  a  direction  away  from  the  buildings  to  reduce  potential  damage  caused  by  ground  vibration.  An 
immediate  implication  of  this  exercise  on  the  discrimination  problem  is  that  the  lack  of  Rg  is  not  neces¬ 
sarily  indicative  of  deep  sources.  Furthemiore,  atthcugh  path  effects  such  as  anelastic  attenuation  and 
the  scattering  by  shallow  heterogeneity  and  topography  in  the  upper  crust  can  reduce  Rg  significantly, 
the  reported  lack  of  Rg  in  many  seismograms  from  known  quarry  blasts  could  also  be  due,  in  part,  to  an 
intrinsic  source  effect  (such  as  the  shooting  pattern)  rather  than  path  effects  alone  (Jih,  I993ab). 

Conclusions 

Under  this  contract,  we  have  developed  several  new  rrtethodotogies  in  the  determination  of  source 
size,  propagation  effect,  and  yield  estimation;  and  we  have  applied  these  techniques  to  a  hugs  data  set 
collected  over  the  past  decade,  resulting  in  many  interesting  observations.  Along  with  other  software 
tools  developed  under  this  project,  the  explosion  mb  data  set  is  being  installed  at  CSS. 
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The  simultaneously-inferred  path  and  station  corrections  are  related  to  known 
geological/geophysical  features.  Applying  these  path  and  station  corrections  to  the  raw  station  magni¬ 
tudes  of  any  individual  explosion  yields  a  systematic  reduction  in  the  fluctuational  variation  of  station 
magnitudes  across  the  whole  network  with  a  reduction  factor  ranging  from  1 .2  to  3  for  all  Soviet  events 
in  our  data  set.  Most  Novaya  Zemlya  events  exhibit  a  variation  reduction  factor  of  2.  With  these  path- 
corrected/station-corrected  mi,(Pn,ax) .  the  mj,(Pmaj()-mj,(Lj)[NORSAR]  bias  between  the  southwest  and 
northeast  subregions  of  the  Soviet's  Balapan  test  site  is  assessed  as  0.07  magnitude  unit  [m.u.],  which 
is  significantly  smaller  than  that  of  previous  studies.  This  bias  can  be  further  reduced  somewhat  when 
the  mu  based  on  the  first  motion  is  used.  The  better  locations  of  Balapan  events  (which  are  based  on 
the  satellite  imagery)  as  recently  released  by  Thurber  and  Quin  (1993)  also  contributed  to  a  more  accu¬ 
rate  grouping  of  Balapan  events  and  hence  a  better  determination  of  the  path  effects,  source  size,  as 
well  as  the  regional  -Lg  bias.  First  motion  of  the  initial  short-period  P  waves  also  appears  to  be  a 
very  favorable  source  measure  for  explosions  fired  in  hard  rock  sites  underlain  by  a  stable  mantle  such 
as  Semipalatinsk.  For  example,  based  on  mt,{Pa)  alone  and  without  any  extra  cratering-to-contained 
correction,  the  Balapan  explosion  of  Jan  15, 1965,  is  estimated  to  have  a  yield  of  120  kt.  The  mi,{Pa)- 
based  yield  estimate  for  the  JVE  event  of  Sep  14, 1988,  is  112  kt.  Between  100  and  150  kt,  the  mj^  bias 
between  Eastern  Kazakh  and  NTS  using  our  mt)(P^  values  is  0.35  m.u.  (Jih  at  al.,  1993). 

Recommendations 

The  focus  of  seismic  monitoring  research  has  shifted  from  issues  related  to  TTBT  monitoring  to 
those  related  to  CTBT  and  NPT  monitoring.  The  location  and  discrimination  of  small  events  now  receive 
much  more  attention  than  does  the  yield  estimation.  One  of  the  critical  issues  in  event  identification  is  to 
isolate  the  propagat'in  effects  before  many  discriminants  can  be  tested.  However,  the  effects  of  propa¬ 
gation  and  source  a.  .  often  indistinguishable,  and  in  many  cases  unless  one  is  known  the  other  cannot 
be  uniquely  determined  (Johnson,  1981).  Our  improved  inversion  scheme  tackles  this  problem  in  a 
systematic  manner,  which  can  certainly  be  applied  to  regional  phases  as  well  (as  suggested  by  the  prel¬ 
iminary  test  with  Nuttli's  Lg  data  set).  A  better  determination  of  the  size  of  man-made  seismic  sources 
(e.g.,  quarry  blasts)  with  confidence  for  events  at  and  below  1  kt  with  improved  statistical  methodologies 
will  benefit  the  understanding  of  the  source  and  path  effects,  which  in  turn  will  improve  the  identification 
of  small  events  as  well. 
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Objectives 

The  objective  of  this  research  is  to  develop  flexible  and  efficient  procedures 
for  the  location  of  seismic  events  which  can  incorporate  a  wide  range  of 
information  from  stations  at  both  regional  and  teleseismic  distances.  The 
techniques  must  be  able  to  handle  arrival  time,  slowness  and  azimuth 
information  from  arrays  or  single  stations.  Many  different  phases  from  each 
record  should  be  used  so  that  multiple  propagation  paths  from  source  to 
receiver  can  be  used  to  compensate  for  a  limited  number  of  stations.  In 
addition  to  the-  assignment  of  a  location  it  is  important  to  understand  the 
likely  errors  in  the  hypocentral  estimates  and  the  way  in  which  these  might 
be  modified  as  the  magnitude  of  the  event  is  changed. 

The  efficient  use  of  later  phase  information  on  a  seismogram  depends  on 
recognition  of  the  character  of  the  arrival  and  effective  assignment  of  a  phase 
identifier.  For  discrimination  purposes  it  is  important  to  constrain  the  depth 
of  the  event  and  this  may  well  depend  on  the  recognition  of  converted  phases 
such  as  SP  or  SKP,  using  vector  measures  of  the  wavefield. 

Research  accomplished 

In  the  context  of  monitoring  seismic  events  using  a  moderately  sparse 
network  of  seismic  arrays  or  sensitive  single  stations,  one  cannot  rely  on  the 
use  of  large  numbers  of  P  observations  to  force  the  accuracy  of  a  hypocentral 
estimate.  Techniques  are  therefore  required  which  can  use  a  wide  range  of 
seismic  phase  information  (arrival  times,  slowness  or  azimuths)  in  a  single 
coherent  location  procedure. 

The  construction  of  the  four  vector  desaibing  a  seismic  hypocentre  (latitude, 
longitude,  depth  and  time)  from  such  a  set  of  observations  can  be  cast  as  a 
non-linear  optimisation  problem.  The  conventional  approach  is  to  use  an 
iterative  procedure  such  as  Geiger's  method  in  which  local  linearisation  is 
used  about  the  current  location  estimate.  Such  methods  require  the 
construction  of  the  partial  derivatives  of  the  phase  data  with  respect  to  the 
four  hypocentral  parameters  and  need  to  be  carefully  handled  to  compensate 
for  the  rather  different  dependence  on  the  space  and  time  variables. 
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An  alternative  approach  which  can  be  used  with  fast  methods  of  constructing 
travel  time  information  is  to  use  a  direct  non-linear  procedure  and  thereby 
avoid  the  need  of  constructing  derivative  information.  Such  methods  have 
the  advantage  that  they  can  be  used  with  any  convenient  measure  of  the 
misfit  between  observed  and  calculated  quantities  (arrival  times,  slowness, 
azimuth).  Indeed  it  is  appropriate  to  use  robust  statistical  measures  such  as  an 
LI  norm  to  minimise  the  influence  of  any  low  quality  information  from  a 
restricted  network. 

We  have  investigated  a  number  of  different  procedures  of  this  type,  which 
are  based  on  different  strategies  for  minimising  the  misfit  fimctional.  A  very 
stable  and  generally  effective  procedure  is  the  direct  grid  search  method  of 
Kennett  (1992)  in  which  the  smallest  misfit  encountered  in  a  search  over  a 
four-dimensional  net  is  chosen  as  the  centre  for  finer  scale  search.  This 
strategy  is  safe  provided  that  the  original  search  area  samples  a  broad  zone 
aroimd  the  actual  hypocentre.  An  alternative  approacii  that  showed  initial 
promise  was  the  application  of  Genetic  Algori&m  procedures  (Keimett  & 
Sambridge  1992).  When  the  network  geometry  is  reasonable  such  an  approach 
with  a  search  over  all  four  variables  gives  good  results,  but  does  not  exploit 
the  low  computational  cost  of  modifying  the  origin  time  alone.  Modifications 
of  the  Genetic  Algorithm  procedure  to  exploit  the  separation  of  spatial  and 
temporal  components,  or  else  to  separate  latitude/longitude  from  depth/ time 
improve  computational  efficiency. 

However  we  have  found  that  an  even  more  effective  approach  is  to  use  a 
Simulated  Annealing  algorithm,  a  computational  procedure  based  on 
analogies  with  the  freezing  of  crystals.  In  the  simulated  annealing  approach 
the  general  trend  of  the  system  is  towards  minimising  the  misfit  but  along 
the  way  the  misfit  can  be  allowed  to  temporarily  increase.  This  feature  of  the 
algorithm  allows  it  to  avoid  local  minima  in  misfit  and  to  home  in  on  the 
best  fitting  estimate  of  the  hypocentre.  Such  local  minima  can  be  quite 
significant  when  only  a  limited  number  of  observations  are  available. 

The  calculation  times  for  the  non-linear  procedures  are  reasonable  on  a 
workstation  and  do  not  need  more  than  a  general  indication  of  the  location  as 
a  starting  point.  Even  for  an  initial  search  area  as  large  as  20  degrees  in 
latitude  and  longitude,  600  km  in  depth  and  120  seconds  in  time,  it  is  possible 
to  get  10  km  constraints  on  the  location  in  a  most  a  two-stage  location  process. 

Simulations  of  broad-band  theoretical  seismograms  have  been  used  to 
investigate  the  relative  observability  of  different  seismic  phases  which  might 
help  to  constrain  the  depth  of  an  event  when  depth  phases  cannot  be 
recognised.  Phases  with  conversion  e.g.  SP  and  SKP  are  very  useful  in 
improving  resolution  in  depth  but  their  observability  is  strongly  dependent 
on  the  disposition  of  the  receiver  station  relative  to  the  radiation  pattern. 
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Even  when  the  best  hypocentral  estimate  has  been  found  we  still  need  to 
know  what  is  its  reliability.  The  internal  consistency  of  location  estimates 
may  not  be  as  helpful  as  often  supposed.  For  example  an  event  at  the 
Iran/Iraq  border  located  with  just  P  observations  was  placed  at  50  km  depth, 
the  inclusion  of  pP  observations  changed  the  depth  to  27  km  -  well  outside 
the  previously  estimated  confidence  regions.  Interestingly  the  inclusion  of  a 
range  of  other  phases  (with  pP  excluded)  gave  a  depth  of  28  km,  so  that  it  can 
be  possible  to  compensate  for  the  absence  of  depth  phases. 

In  some  areas  there  can  be  significant  effects  of  earthquake  magnitude  on  the 
supposed  location  of  an  event.  As  an  illustration  we  consider  a  event  in 
Indonesia,  near  Sumbawa,  for  which  paths  to  Australian  stations  are  fast 
compared  to  paths  in  other  directions.  For  a  small  magnitude  event  the 
majority  of  the  stations  reporting  are  in  Australia  and  so  the  hypocentre  gets 
dragged  in  that  direction,  as  the  magnitude  increase  the  distribution  of 
seismic  stations  improves  and  the  estimated  location  for  an  event  in  the 
came  place  v/ill  move.  This  behaviour  is  illustrated  in  figures  1  and  2  by 
taking  the  set  of  readings  for  a  magnitude  5.5  event  and  then  truncating  the 
readings  to  those  available  for  nearby  events  of  magnitude  4.9  and  4.4. 

The  relative  locations  for  each  of  the  three  simulated  events  is  shown  in 
figure  2  in  4  planes.  The  reference  location  is  the  large  magnitude  event 
(filled  hexagon)  with  the  intermediate  event  shown  by  a  filled  triangle  and 
the  low  magnitude  event  with  an  open  diamond.  The  hypocentre  of  the 
intermediate  magnitude  event  differs  only  slightly  from  the  hypocentre  of 
the  large  magnitude  event.  However,  the  low  magnitude  event  hypocentre 
has  been  pulled  towards  the  Australian  stations  a  distance  of  8-9  km,  has 
increased  depth  by  12  km  and  decreased  origin  time  by  0.7  s.  The  fast  paths  to 
Australia  are  being  compensated  by  moving  the  event  towards  the  Australian 
stations  and 

increasing  the  depth  of  focus.  These  both  have  the  effect  of  decreasing  the 
calculated  travel-time.  The  influence  of  the  station  distribution  on  the 
residuals  is  illustrated  in  figure  3.  For  the  low  magnitude  event 
the  residuals  are  either  positive,  or  very  small  and  negative.  This  is 
consistent  with  the  event  being  pulled  towards  these  stations.  The  two 
stations  with  negative  residuals  are  to  the  south-east  of  the  earthquake,  partly 
away  from  the  south-westerly  mislocation  of  the  epicentre.  For  the 
intermediate  and  large  magnitude  locations  the  residuals  all  become  more 
negative,  indicating  that  the  influence  of  the  Australian  stations  is  being 
downweighted. 

Even  with  a  dense  network  a  substantial  shift  occurs  with  magnitude  and 
such  errors  are  even  more  likely  with  a  sparser  global  array. 


195 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  effective  non-linear  location  methods  for  multiphase  information  are 
likely  to  be  of  greatest  value  in  the  analyst  review  stage  for  suspect  events 
coupled  to  an  automated  procedure. 

Once  a  location  has  been  estimated  it  should  be  possible  to  estimate 
theoretical  seismograms  for  each  of  the  reporting  stations  (for  variable  source 
mechanisms)  for  comparison  with  observed  waveform  data.  This  can  already 
be  done  by  a  lookup  procedure  in  an  atlas  of  seismograms  for  5  degree 
epicentral  distance  intervals  and  a  limited  range  of  depths,  and  has  revealed 
the  strong  variability  in  some  significant  later  phases  with  source 
mechanism. 
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Figure  2 

Relative  locations  for  the  large  (filled  hexagon),  intermediate  (filled  triangle) 
and  low  (open  diamond)  magnitude  Flores  events.  The  low  magnitude 
event  has  been  dragged  south-west  towards  the  Australian  stations. 
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Figure  3 

Residuals  at  Australian  stations  that  recorded  all  three  events.  For  the  low 
magnitude  event  the  residuals  are  either  positive,  or  very  small  and  negative. 
For  the  interm^iate  and  large  magnitude  locations  the  residuals  ail  become 
more  negative,  indicative  of  the  fact  that  the  event  is  dragged  away  from 
Australia. 
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OBJECTIVES 

It  has  been  shown  that  the  seismographic  station  Borovoye  (BRVK)  in  Kazakhstan  provides 
high-quality  digital  data  due  to  its  low  noise  environment  and  careful  operation  over  many  years. 
In  light  of  availability  of  this  unique  data,  our  objective  has  been  to  evaluate  nuclear  explosions  in 
Central  Asia  (former  Soviet  and  Chinese),  for  which  we  have  obtained  new  collection  of  Lg 
signals,  and  to  analyze  regional  as  well  as  teleseismic  waveform  data  recorded  at  BRVK  for 
determining  geophysical  properties  in  the  crust  and  upper  mantle  under  Central  Asia. 

RESEARCH  ACCOMPLISHED 
We  have  carried  out  three  projects: 

•  an  evaluation  of  digital  Lg  signals  recorded  in  Borovoye,  Kazakhstan  at  a  regional  distance 
from  Chinese  underground  nuclear  explosions  in  the  Lop  Nor  test  site; 

•  an  analysis  of  instrument  responses  for  BRVK  seismographs  using  available  informauon  on 
amplitude  responses  as  well  as  digital  calibration  test  pulses; 

•.a  study  of  regional  and  teleseismic  signals  recorded  at  BRVK  for  crust  and  upper  mantle 
structure  in  Central  Asia. 


RMS  Lg  Measurements  of  Chinese  Underground  Explosions  at  Lop  Nor 

RMS  Lg  measurements  using  digital  seismograms  recorded  at  the  Borovoye  Geophysical 
Observatory,  Kazakhstan  (station  BRVK)  from  Chinese  underground  nuclear  explosions  in  the 
Lop  Nor  test  site  (A  =  1880  km)  show  fairly  good  correlation  with  ISC  m^(?).  Regression  of 
five  RMS  Lg  measurements  using  BRVK  data  yields  a  standard  deviation  of  only  0.045 
magnitude  units. 

In  this  study,  we  used  vertical  component  digital  seismograms  from  five  Lop  Nor 
underground  explosions  (magnitude  4.7  -  6.2)  recorded  on  short-period  seismographs  at  BRVK. 
Epicentral  distances  ranges  from  1879  to  1894  km  with  a  mean  distance  of  1884  km  (Table  1). 
Four  explosions  records  on  SKM-3  high-gain  channel  of  STsR-SS  seismograph  and  an  explosion 
record  on  KSVM  low-gain  channel  of  STsR-TSG  seismograph  are  used  for  RMS  Lg 
measurements.  Characteristics  of  the  STsR-SS  and  -TSG  seismographs  are  given  in  Table  2. 

The  SS-SKM-3  channels  use  Kimos  short-period  seismometers  and  record  3-component 
high-gain  and  vertical  component  low-gain  channels.  The  high-gain  channels  have  been  operating 
with  a  nominal  gain  of  about  2000  count/|i  and  have  nearly  flat  response  to  ground  displacement 
in  the  frequency  band  0.8  -  3.3  Hz  (3  db  level).  This  high-gain  vertical  channel  provides  good 
regional  signals  with  frequencies  up  to  about  3-4  Hz  for  most  of  the  underground  explosions 
from  the  Lop  Nor  test  site  (Fig.  1).  The  KSVM  channel  of  the  TSG  seismograph  has  similar 
characteristics  as  SS-SKM-3  channels,  but  has  only  low-  and  high-gain  vertical  components. 
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To  measure  the  RMS  Lg,  we  followed  a  procedure  similar  to  Hansen  el  al.  (1990),  except 
that  we  used  a  gaussian  window  instead  of  the  usual  box-car  window.  Noise  in  the  signal  is 
corrected  as  suggested  in  Ringdal  &  Hokland  (1987)  by  taking  RMS  values  of  the  trace  (50  sec 
window)  preceding  the  first  arrival  P-wave.  Lg  signal-to-noise  ratios  were  about  2.5  to  92. 


Table  1.  Lop  Nor  Underground  Explosions(*) 


Origin  time 

Latitude 

Longimde 

ISC  Magnitude 

logio(RMS  Lg) 

S/N 

Year  Mon  Day  ( h;  m:  sec) 

(°N) 

(°E) 

(mb) 

# 

O^s) 

# 

(nanometer) 

1983  OCT  06 

09:59:58.0 

41.53 

88.72 

5.5 

73 

4.2 

2 

1.3907 

13.7 

1984  OCT  03 

05:59:57.9 

41.54 

88.67 

5.4 

81 

- 

1.1956 

10.8 

1984  DEC  19 

06:00:02.8 

41.62 

88.22 

4.7 

11 

4.2 

1 

0.6236 

2.5 

1987  JUN  05 

04:59:58.5 

41.55 

88.72 

6.2 

145 

4.7 

5 

2.1385 

92.3 

1990  AUG  16 

04:59:57.7 

41.52 

88.75 

6.2 

138 

4.4 

17 

2.1008 

67.4 

(*)  Origin  time,  location  and  magnitudes  are  from  ISC  bulletin;  S/N=signal-to-noise  ratio. 


Vertical-component  Records  at  BRVK  from  Lop  Nor  Underground  Explosions 
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Fig.  1.  Vertical  component  records  (SS-SKM-3)  recorded  at  BRVK  from  Lop  Nor  explosions. 
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We  used  a  gaussian  with  width  Gref  =  45  s  at  a  reference  distance,  Aref  =  1000  km.  This 
gaussian  window  (±g)  covers  the  Lg  phase  in  group  velocity  range  3.66  to  3.0  km/s  when 
centered  at  the  group  velocity  around  13  km/s.  The  gaussian  is  uimcated  at  2.58g  (99  %  of  unit 
area).  Tne  width  of  the  gaussian  can  be  conveniently  scaled  as  a  function  of  distance,  g  =  Gref  * 
A.  Aref,  allowing  the  RMS  Lg  measurements  at  many  stations  at  different  epicentral  distance 
ranges  to  be  combined  to  obtain  a  network  based  on  the  RMS  Lg  measurements.  The 

successive  gaussian  v/indows  were  shifted  by  0.2  g  relative  to  the  previous  window  to  sample  the 
Lg  waves  smoothly.  The  Lg  signals  are  not  corrected  for  the  geometrical  spreading  and 
anelastic  attenuation  along  the  path  because  all  explosions  are  at  nearly  the  same  location. 

Fig.  2  shows  the  logjo  of  RMS  Lg  measurements  in  nanometer  of  ground  displacement 
plotted  against  ISC  Regression  of  ISC  mi,{P)  against  logio  (RMS  Lg)  for  five 

explosions  in  the  magnitude  range  4.7  -  6.2  yields  a  slope  of  0.98  and  a  standard  deviation  of 
only  0.045  magnitude  units.  It  appears  that  BRVK  data  is  useful  to  measure  source  strength  of 
Lop  Nor  explosions  for  explosions  with  magnitude  down  to  about  m^(P)  =  4.5.  Examination 
of  all  available  GSN  digital  seismograms  for  13  known  underground  explosions  during  1976- 
1992  at  Lop  Nor  indicates  that  BRVK  provides  unique  regional  data  for  RMS  Lg  studies. 

The  RMS  measurements  of  P  waves  are  also  obtained  following  a  similar  procedure  used  for 
Lg  signals  to  examine  the  stability  of  the  method  for  the  P  signals.  Regression  of  ISC  m^(P) 
against  logio  P)  values  at  BRVK  for  six  explosions  in  the  magnitude  range  4.7  -  6.2 
>ields  a  slope  of  1.03  and  a  standard  deviation  of  0.065  m.  u.  Though  this  result  is  preliminary 
in  nature,  it  indicates  that  RMS  P  wave  signals  may  provide  an  alternative  tool  for  measuring  the 
strength  of  the  seismic  source  when  the  records  have  only  P-wave  portion  of  triggered  data. 


Fig.  2  Comparison  of  logjo  of  RMS  Lg  (in  nm)  at  BRVK  with  ISC  my{P).  Solid  line  is  a  fitted 
slope  of  0.98  and  an  orthogonal  rms  misfit  of  0.045  m.  u.  Dotted  lines  correspond  to  ±2  S.D. 
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Instrument  Responses  of  Digital  Seismographs  at  BRVK 

As  a  first  step  in  conducting  detailed  analysis  of  BRVK  digital  waveform  data  for  crust  and 
upper  mantle  structure  in  Central  Asia,  nominal  instrument  responses  for  STsR-SS  (10  channels) 
and  STsR-TSG  (24  channels)  seismographs  used  at  the  BRVK  station  are  obtained  by  using 
available  informatiun  on  amplitude  responses  as  well  as  characteristics  ot  the  seismometers  and 
recording  devices.  Table  2  lists  basic  instrument  parameters  of  the  SS  and  TSG  seismographs. 

For  the  STsR-SS  seismograph  (Table  2),  amplitude  responses  of  the  short-period  SKVI-3  and 
the  long-period  SKD  are  determined  using  the  amplitude-frequency  respcnse  curve  given  in 
Adushkin  &.  An  (1990)  and  crude  information  provided  by  the  Borovoye  Observatory  in  response 
to  our  inquiries  made  in  the  spring  of  1991  (see  Fig.  3  of  Richards  et  al.,  1992). 

For  STsR-TSG  seismograph,  theoretical  transfer  functions  of  all  the  long-  and  short-period 
channels  are  obtained  using;  1)  seismometer  free  period  and  damping,  digital  sensitivity  (in 
count/|i)  given  in  Adushkin  &  An  (1990);  2)  notes  made  at  Borovoye  by  Paul  Richards  and 
Goran  Ekstrom  during  August,  1991  on  calibration  tables  of  TSG  seismograph  (Richards  & 
Ekstrom,  1991);  3)  digital  recording  of  calibration  pulses  of  all  24  channels  of  the  TSG 
seismograph.  These  calibration  pulses  are  generated  by  feeding  a  Heaviside  step  calibration  pulse 
with  duration  of  8  msec  into  the  damping  coils. 

According  to  the  linear  system  theory,  these  seismographs  can  be  represented  by  a  linear 
combination  of  the  1st  and  2nd  order  high-  and  low-pass  filters  which  are  characterized  by  their 
cutoff  frequencies  (o)c)  and  damping  factors  (^)  (e.g.,  Graupe,  1972;  Farrell  &  Berger,  1979). 

We  parameterized  the  impulse  responses  of  all  channels  of  the  TSG  system  in  terras  of  cutoff 
frequencies  and  damping  factors  of  a  set  of  linear  1st  and  2nd  order  filters.  The  shape  of  the 


Table  2.  Characteristics  of  STsR  Seismographs  at  Borovoye  Seismic  Station^*\ 


Seismograph 

Seismometer  Data 
channel 

T  1“/ 

is 

(s) 

Ds‘^’ 

c  (c) 

(unit/p,) 

P  (d) 
‘m 

(Hz) 

dt<'> 

(msec) 

Channel^^ 

number 

STsR-SS 

SKM-3 

High-gain 

2.0 

0.5 

2000 

0.8-3.3 

24 

7,8,9 

Low-gain  (Z)t 

200 

32 

1 

20 

96 

6 

SKD 

High-gain 

25.0 

0.5 

5.0 

0.05-0.4 

192 

2,3,4 

Low-gain 

0.5 

192 

1,5,10 

STsR-TSG 

KS 

1.5 

0.7 

4500 

1.0-3.3 

26 

7,8,9 

DS 

20.0 

0.5 

50 

0.05-0.2 

312 

19,20,21 

KSM 

High-gain 

1.5 

0.35 

100000 

0.7-5.0 

26 

10,11,12 

Low-gain 

1000 

26 

3,4,5 

DSM 

High-gain 

28.0 

0.5 

1000 

0.04-0.1 

312 

22,23,24 

Low-gain 

10 

312 

15,16,17 

KSVM 

High-gain  (Z) 

1.5 

0.35 

4600 

0.8-2.5 

26 

2 

Low-gain  (Z) 

50 

26 

1 

(*)  STsR  system  from  Feb  1973  to  present,  (a)  Ts=Seismometer  natural  period  in  second,  (b) 
D^=Seismometer  damping  constant,  (c)  Sm=Nominal  gain  in  count/ji,  (d)  f^-passband  (90  %  of 
peak),  (e)  dt=Sampling  interval  in  millisecond,  (e)  Channel  identifier,  f  Only  vertical  component . 
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calibration  pulses  are  inverted  fcr  these  parameters  in  the  time  domain  using  the  standard  damped 
least-squares  method.  Kernel  functions  in  the  inversion  are  impulse  responses  of  die  1st  or  2nd 
order  filters  with  perturbation  -  cutoff  frequency  (tOc+ScOc)  and  damping  factor,  (q  +  5c).  The 
transfer  functions  of  each  channel  obtained  from  the  inversion  are  represented  with  complex  poles 
and  zeros  in  the  complex  s  t=ju)  plane.  Poles  and  zeroes  are  very  convenient  for  funher 
analysis  of  observed  records,  for  convolution  or  deconvolution  of  their  instrument  responses. 

A  comparison  between  the  actual  calibration  pulses  and  corresponding  theoretical  calibration 
pulses,  which  are  calculated  with  the  transfer  function  obtained  from  the  inversion,  are  shown  in 
Fig.3.  Excellent  agreement  between  the  two  pulses  indicates  that  the  parameters  obtained  are 
quite  good.  The  results  of  ti.is  analysis  suggest  that  seismometer  natural  period  and  damping 
constant  of  some  channels  show  significant  departure  from  the  nominal  settings.  For  example, 
the  calibration  pulses  of  3-component  long-period  DS  channels  indicate  that  seismometer  natural 
periods  vary  by  as  much  as  about  10  9c  among  vertical  and  horizontal  components,  while  the 
seismometer  damping  constants  vary  up  to  16  ^  from  the  nominal  setting  given  in  Adushkin  & 
An  (1990).  ■ 


time  (sec) 
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Fig.  3.  Comparisons  between  actual  calibration  pulse  and  synthetic  pulse  (thin  trace)  calculated 
with  theoretical  transfer  function  obtained,  {upper)  TSG-KSVM  channel,  {lower)  DSM  channel. 
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Crust  and  Upper  Mantle  Seismic  Velocity  Structure  in  Central  Asia 


Following  the  evaluation  of  instrument  responses  of  various  seismographs  at  BRVK  station, 
we  have  begun  to  analyze  teleseismic  signals  recorded  at  BRVK  to  determine  seismic  velocities  in 
the  crust  and  upper  mantle,  particularly  the  nature  of  seismic  discontinuities  in  the  upper  mantle 
(e.g.,  Gamero  et  al.,  1992).  A  comparison  between  the  observed  and  synthetic  vertical-  and 
radial-component  records  from  a  deep  focus  earthquake  that  occurred  in  Southern  Honshu,  Japan 
is  shown  in  Fig.  4.  Some  relatively  simple  P-wave  records  from  this  and  other  deep  focus 
teleseismic  earthquakes  are  used  to  assess  the  reliability  of  instrument  responses  obtained  in  this 
study. 

Observed  vertical-  and  EW-component  (=  radial)  traces  are  modelled  with  a  point  shear 
dislocation  source  imbedded  in  a  standard  Earth  model  (PREM).  Direct  P,  free  surface  reflected 
rays,  pP  and  sP,  as  well  as  core-mantle  boundary  reflected  ray,  PcP,  are  generated  with  WKBJ 
seismogram  method  (Chapman,  1978).  These  primary  rays  are  convolved  with  a  simple 
triangular  source  time  function  (1  s),  an  attenuation  operator  with  attenuation  time,  t*=  0.5  sec 
and  TSG-DS  seismograph  responses  as  following  a  standard  practice.  Double  couple  point 
source  mechanisms  given  in  the  Harvard  CMT  catalog  are  used  for  the  source  radiation  pattern. 

The  overall  fit  of  relative  amplitudes  and  durations  between  the  observed  and  the  synthetic 
phases  are  fairly  good  suggesting  that  the  source  parameters  as  well  as  the  instrument  response 
used  for  the  modeling  are  reasonably  good.  Focal  depts  of  this  event  is  determined  in  this  study 
by  matching  the  arrival  times  of  PcP  and  surface  reflections  pP  and  sP.  We  are  carrying  out 
this  work  to  identify  other  phases  on  the  observed  records,  for  instance,  P  to  5  converted 
phases  at  the  discontinuities  in  the  upper  mantle  (see  phases  marked  P40(^  and  P^oo^  in  Fig.  4; 
see  also,  Petersen  et  al.,  1993 )  as  well  as  at  the  Moho  by  calculating  synthetic  seismograms. 

04/10/85  16:26,  h=403  km,  S.  Honshu,  mb=5.7 


time  (sec) 

Fig.  4.  Comparison  of  observed  vertical  and  radial  components  from  deep  focus  earthquake  and 
corresponding  synthetics.  Arrivals  marked  as  P400^  nnd  P^OO^  nre  presumed  P  to  5 
converted  phases  at  400  and  600  km  discontinuities  in  the  upper  mantle  beneath  station. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

The  regional  seismic  data  now  becoming  available  for  Central  Asia,  digitally  recorded  at 
Borovoye,  Kazakhstan,  appear  to  be  useful  to  measure  source  strength  of  Lop  Nor  explosions  for 
explosions  with  magnitude  down  to  about  =  4.5. 

Instrument  calibration  (gains)  of  various  seismographs  at  Borovoye  station  appear  to  be  stable 
over  many  years.  Stability  of  Lg  amplitudes  for  explosions  at  the  Lop  Nor  test  site  over  several 
vears  suggests  reasonable  instrument  calibration.  However,  some  of  the  3-component  channels 
suggest  significant  deparmre  of  seismometer  constants  from  their  nominal  setting,  and  care  must 
be  taken  to  interpret  results  (phase  information)  using  such  records. 

The  broadband  nature  of  BRVK  digital  records  provides  an  opponunity  to  examine  seismic 
velocities  and  discontinuities  in  the  upper  mantle  beneath  Central  Asia. 

In  these  three  conclusions,  the  common  theme  is  new  opportunities  to  work  with  high-quality 
regional  signals  for  Cc  .ral  Asia  recorded  at  BRVK.  We  recommend  a  concerted  effort  by 
academic  institutions  to  ensure  timely  salvage  of  these  valuable  seismic  data. 
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Objective 

Full  wave  modeling  of  seismograms  at  far-regional  distances  including  body  and  surface  waves 
with  application  to  source  contributions  in  regional  seismograms 


Research  accomplished 
Introduction 

This  study  focuses  on  the  constraint  of  the  upper  mantle  shear  velocity  structure  for  propagation 
paths  in  the  western  United  States  along  the  great  circle  path  between  Lajitas  (LTX)  and  the 
Nevada  Test  Site  (NTS)  for  events  located  on  the  coast  of  Northern  California  and  off  the  coast  of 
southern  Oregon  at  distances  as  great  as  2500  km.  In  a  previous  study  (Koch  &  Stump,  1992)  we 
have  investigated  mantle  S  waves  in  the  Basin  and  Range  which  provide  strong  constraints  on  the 
upper  mantle  transition  zone  under  NTS.  To  some  extent  these  data  also  placed  bounds  on  the 
associated  upper  mantle  discontinuities.  However,  the  mantle  S  waves  left  some  ambiguities  in  the 
shallower  shear  velocity  structure.  These  uncertainties  are  addressed  by  inverting  the  dispersion 
relations  from  the  observed  surfaces  waves.  The  previous  data  set  (Koch  &  Stump,  1992)  has 
been  supplemented  by  the  earthquakes  of  the  spring  1992  Petrolia  sequence.  This  data  set  is  unique 
in  that  it  provides  multiple  samples  of  identic^  propagations  paths,  so  that  we  are  able  to  average 
various  dispersion  estimates  to  improve  their  reliability  for  both  Love  and  Rayleigh  waves.  This 
paper  will  first  discuss  the  results  from  a  multiple  filter  analysis,  which  gives  initial  group  velocity 
dispersion  curves.  These  dispersion  curves  are  then  used  in  a  phase-matched  filtering  procedure  to 
retrieve  phase  velocity  information  used  in  the  surface  wave  inversion. 


Dispersion  analysis 

Data  at  LTX  are  recorded  with  three  component  short  period  instruments  (S-13)  and  three 
component  broadband  instruments  (BB-13).  For  the  current  study  we  used  the  broadband  data 
recorded  in  acceleration  from  300  sec  to  5  Hz.  For  some  of  the  events  the  broadband  instruments 
were  not  operative  or  some  of  the  components  included  data  glitches,  in  particular  for  the  Petrolia 
data.  For  these  events  we  used  the  short-period  data  and  produced  simulated  broadband  records 
according  to  the  procedures  developed  by  Seidl  (1980).  The  data  were  then  analyzed  with  the 
multiple  filtering  analysis  technique  (Dziewonski  et  al.,  1969;  Herrmann,  1988). 

The  group  velocity  dispersion  curves  for  all  Love  wave  data  are  shown  in  Fig. la.  These  group 
velocity  dispersion  curves  are  quite  similar  from  event  to  event.  The  scatter  of  the  data  is  of  the 
order  of  0.1  km/sec  in  the  applicable  frequency  band  between  period  of  10  and  80-100  sec,  where 
the  signal  to  noise  ratio  is  about  a  factor  of  5-10.  For  the  longer  periods  the  dispersion  curves 
show  considerably  more  scatter  due  to  the  reduced  signal  to  noise  ratios  for  tlie  smaller  events 
which  are  mostly  at  the  smaller  range.  While  the  dispersion  curves  are  well  reproduced  for  all 
events,  we  observe  a  clustering  of  dispersion  curves  for  on-shore  and  off-shore  events  close  to 
periods  of  about  40-50  sec  where  the  two  sets  intersect  at  two  different  points.  The  two  sets  of 
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Fig.l  ;  Group  velocity  dispersion  curves  from  multiple  filter  analysis  for  (a)  Love  waves  and  (b) 
Rayleigh  waves  (on  vertical  component).  Dispersion  curves  from  on-shore  events  are  indicated  by 
the  solid  line,  while  off-shore  events  are  shown  with  shaded  lines 
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Fig.2  :  Group  velocity  and  phase  velocity  dispersion  curves  from  phase  matched  filtering  for  (a)  Love 
waves  and  (b)  Rayleigh  waves  (on  vertical  component.  See  also  Fig.l, 


curves  also  display  a  local  minimum  in  the  group  velocity  curve  at  those  periods.  This  observation 
is  the  result  of  interference  between  the  mantle  S  body  wave  and  the  surface  waves  in  the  multiple 
filter  anaivsis.  The  difference  in  the  interference  pattern  between  the  on-shore  and  off-shore  data 
is  the  result  of  the  different  arrival  times.  The  S  arrival  is  also  manifested  in  the  contour  plots  by  a 
group  velocity  branch  near  4.5  .km/'sec,  with  no  apparent  dispersion,  especially  prominent  at 
periods  belov/ 10  sec.  We  were  able  to  elinrunate  this  pattern  in  the  case  of  the  impulsive  mantle  S 
arrival  by  windowing  the  surface  waves.  However,  we  could  not  apply  this  procedure  to  all 
events,  as  it  was  not  possible  for  the  on-shore  events  wiJiout  truncating  the  longest  period  surface 
wave  energy. 

The  Rayleigh  wave  dispersion  curves  shown  i..  fig. lb,  display  increased  scatter  throughout  the 
period  range  of  interest.  This  effect  appears  to  be  related  to  a  reduced  signal  to  noise  ratio. 
Dispersion  curves  appear  to  be  useful  between  70  and  10  sec,  with  very  poorly  determined 
dispersion  near  20-30  sec  due  to  spectral  holes.  Separation  of  the  data  according  to  the  source 
region  or  source  mechanism  (both  strike-slip  and  normal  faulting  events  are  used)  suggests 
slightly  smaller  scatter  for  the  normal  faulting  events,  indicating  stronger  Rayleigh  wave  excitation 
for  these  eanhquakes.  Analysis  was  conducted  on  both  vertical  and  radial  seismograms.  While  the 
vertical  component  data  were  useful  for  retrieving  Rayleigh  wave  dispersion,  radial  component 
data  gave  poor  results.  It  is  suspected  that  multipathed  Love-waves  are  interfering  with  the 
Rayleigh  waves  and  therefore  lead  to  results  not  useful  for  interpretation  in  this  case. 

The  initial  group  velocity  curves  were  used  to  design  a  phase-matched  filter  (Herrin  &  Goforth, 
1977;  Herrmann,  1988)  for  retrieving  improved  group  velocity  estimates.  This  procedure  should 
eliminate  multipathing  as  well  as  higher  mode  surface  waves  (Herrin  &  Goforth,  1977)  and 
possibly  the  Interference  of  the  mantle  S  wave  arrivals.  The  resulting  group  velocity  curves  for  all 
events  are  shown  in  Fig.2a  (for  Love  waves)  and  Fig.2b  (for  Rayleigh  waves  from  vertical 
component).  For  the  Love  waves,  the  mantle  S  wave  interference  pattern  is  no  longer  obseived, 
indicating  that  the  phase-matched  filtering  procedure  was  successful  in  eliminating  this  phase. 
Again,  there  is  little  scatter  for  the  group  velocities  over  a  .^aiilv  large  period  range,  with  scatter 
increasing  for  the  longest  periods  and  smaller  events.  Tne  phase  velocity  dispersion  is  well 
constrained  in  the  considered  period  range.  The  results  for  the  Rayleigh  wave  data  on  the  other 
hand  show  a  fair  amount  of  scatter  which  is  expected  from  the  reduced  signal  to  noise  ratio  as 
found  in  the  multiple  filter  analysis.  However,  the  larger  scatter  at  intermediate  periods  is  reduced, 
indicating  that  the  phase-matched  filter  results  are  less  susceptible  to  noise. 


Results  from  surface  wave  inversion 

The  dispersion  results  were  then  used  to  invert  for  the  shear  wave  structure  in  the  western  United 
States.  In  order  to  estimate  confidence  limits  for  the  velocity  model,  we  inverted  different  data  sets 
including  single  event  group  velocities,  average  group  velocities  from  multiple  filter  analysis  for 
both  Love  and  Rayleigh  waves,  and  combined  group  and  phase  velocity  data,  averaged  for  all 
events.  We  selected  Ae  largest  event  in  the  data  set,  with  presumably  the  best  single  event 
dispersion  estimate,  as  a  first  example.  The  results  for  this  event  are  shown  in  Fig.3.  The  starting 
model  for  the  inversion  is  shown  as  a  thin  solid  line  and  was  but  one  of  the  models  capable  of 
explaining  the  mantle  S  wave  observations.  Also  shown  in  this  and  following  figures  (as  a  dotted 
line)  is  the  model  obtained  by  Priestley  &  Brune  (1978)  by  surface  wave  an^ysis  of  observations 
on  great  circle  paths  in  the  Basin  and  Range.  The  model  from  the  surface  wave  inversion  is  shown 
as  solid  line  with  the  error  bar  indicating  the  uncertainty  from  tlie  residuals  after  5  iterations 
(Additional  iterations  proved  not  to  increase  the  overall  fit  but  rather  introduced  trade-off  effects). 
This  resulting  model  is  similar  to  the  model  of  Priestley  &  Brane  (1978)  to  depths  of  about  250 
km,  which  represents  the  depth  resolution  limit  for  our  dispersion  data  as  deduced  from  the 
resolving  kernels.  The  most  significant  difference  between  the  two  models  is  the  thin  mantle  lid  in 
the  new  results,  which  might  not  be  resolved  by  Priestley  &  Bmne’s  data. 
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Shear  Velociiy  (km /sec)  Resolving  Kernels 

3  0  4  0  5  0  NORMALIZED 


Fig.3  :  Inversion  for  event  1991_194  (Jul  13, 1991)  using  only  Love  wave  dispersion  curves  (group  and 
phase  velocity).  Starting  model  (thin  solid  line)  includes  a  thin  mantle  lid.  Inverted  model  is 
diagrammed  with  thick  solid  line  with  error  bar.  The  model  of  Priestley  &  Brune  (1978)  is  shown 
as  a  dotted  line  for  comparison.  On  the  right  side  normalized  resolving  kernel  are  shown. 


Shear  Velocity  (km /  sec)  Resolving  Kernels 


Fig  4  :  Inversion  for  all  Love  wave  and  Rayleigh  wave  dispersion  (group  and  phase  velocity).  See  also 
Fig.3  above  for  line  type  description. 
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In  Fig.4  we  show  the  veIocit>-  model  determined  from  the  averaged  group  and  phase  velocity 
dispersion  curves  using  tlie  same  stoning  model.  The  inversion  model  is  very  similar  to  the  results 
given  in  Fig.5.  indicaung  consistency  between  the  two  data  sets.  .Although  the  previous  model 
shows  a  relatively  uniform  velocity  distribution  in  the  low-veiocity  zone,  the  results  of  Fig.4  argue 
for  an  intermediate  increase  in  this  zone.  In  order  to  verify  the  reliability  of  the  inversion  results, 
we  also  used  a  different  starting  model,  which  was  considered  the  preferred  model  from  the  mantle 
S  wave  analysis  (TCcch  &  Stump.  1992).  as  it  placed  die  less  constraints  on  the  adopted  attenuation 
model.  The  results  of  this  inversion  {Fig.5)  suggests  that  the  results  reported  here  are  nearly 
independent  of  the  staning  model.  Tnese  models  provide  additional  support  for  structure  within  the 
Basin  and  Range  low  velocity  zone. 
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Fig.5  :  Same  as  Fig.4  for  a  different  staning  model.  The  main  features  of  the  inverted  shear  velocity 
structure  are  preserved,  i.e.  thin  mantle  lid,  large  low-velocity  zone  and  an  indication  of  two  low- 
velocity  layers  within  the  LVZ. 


Conclusions  and  Recommendations 

Surface  waves  have  been  used  to  constrain  the  shallow  part  of  the  upper  mantle  shear  wave 
structure  in  the  western  United  States  for  paths  along  the  great  circle  between  LTX  and  NTS. 
These  results  complement  the  analysis  of  mantle  S  waves  for  the  same  propagation  path  and 
support  our  ultimate  goal  of  modeling  complete  far-regional  seismograms.  The  results  indicate  a 
low-velocity  layer  between  depths  of  about  80  to  at  least  200  km,  which  is  similar  to  the  model  of 
Priestley  &  Brune  (1978).  However,  the  results  also  indicate  a  consistent  pattern  of  a  very  thin 
mantle  lid  and  a  larger  am»ount  of  velocity  variation  throughout  the  low  velocity  layer,  possibly 
identifying  a  subdivision  into  two  low-velocity  layers  to  be  scrutinized  for  their  statistical 
significance. 
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This  work  have  been  directed  at  developing  a  full  wave  model  for  the  Basin  and  Range  built  by 
using  P,  S  and  surface  waves.  The  refined  upper  mantle  models  will  be  used  to  quantify  the 
effects  of  different  source  contributions  with  synthetic  seismograms.  The  models  will  be  more 
appropriate  than  previous  models  in  examining  the  significance  of  various  regional  discriminants. 
This  analysis  of  broadband  regional  signal  from  earthquakes  and  explosions  suggests  a 
methodology  for  approaching  regional  observations  in  a  new  area  ultimately  leading  to  a 
quantification  of  discrimination  tools. 
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Pul.-<^  ri.,n  i'pjin  i(j(  aiiv  iawivd  raiiduiu  liiKiia 


1  Objectives 

\V.'  exte:i=i'.t^i>  tiin  ier{ectio:i  ul  .uoiisiic  waves  i)y  raadomly  lavereu  media  '1'.  Ileie 

A.-  )!.*'eiu  brielly  recent  work  'hat  extends  our  theorv  to  locally  layered  random  media.  This 
••!  ’hree  objectives  in  onr  work.  The  second  is  the  extension  of  to  elastic  waves  in  randomlv 
.....>-;eu  media,  especiallv  the  stud>  of  mode  conversion,  which  has  been  completed  [3]  for  obliqueiv 
.!.•  .iieat  time-harmonic  and  pulsed  plane  waves.  The  third  is  the  use  of  the  theory  to  study  inverse 
,>:')i)!ems  as  we  did  in  ’T.  We  do  not  have  anv  new  results  on  inverse  problems  at  present,  bevond 
w':;a'  is  in  .’l'. 

The  general  framework  of  our  analysis  of  reflection  of  waves  from  a  locallv  layered  random  half 
-p.ue  is  ba.sed  on  three  basic  assumptions: 

•  T'.ie  incident  pulse  is  short  i around  150  meters,  for  e.xamplel  compared  to  propagation  dis- 
•ances  t several  kilometers  /  so  geometrical  acoustics  methods  can  be  used  at  this  level. 

•  The  incident  pulse  is  long  compared  to  the  typical  thickness  of  the  random  layers  (which  is 
wf  the  order  of  meters)  so  that  the  effects  of  random  scattering  can  be  described  in  a  general 
.vav  that  does  not  depend  on  the  details  of  the  random  layering.  The  fluctuations  in  sound 
-peed  from  layer  to  layer  are  not  small. 

•  The 'random  taveres  aie  not  plane.  They  are  either  small  perturbations  of  plane  layers  or  large 
but  slowly  varying  ,on  the  macroscopic  scale  of  kilometers )  perturbations.  In  both  cases  the 
purely  layered  theory  changes  in  an  es-seatial  way. 

Let  and  !)U.x,y,z]  be  the  acoustic  velocity  and  pressure  satisfying  the  equation?  of 

continuity  of  momentum  and  mass 

put  +  Vp  =  (^^■f(^)6(x)S(y)6{z  -  Zs)e  .  (1) 

-^Pi-rV-u  =  0.  (2) 

A 

Heie  p  is  the  material  density.  A'  is  the  bulk  modulus.  /  is  the  pulse  shape  function,  e  = 
i.i  *he  source  directiv  ity  vector  and  (0.0.  z,)  is  the  source  location.  We  assume  that  r,  is  positive  and 
I  lull  the  random  medium  in  the  half  space  ;  <  0.  The  parameter  c  is  the  ratio  of  a  characteristic 
pulse  width  to  observation  times  and  it  is  assumed  small,  as  noted  above.  The  factor  in  front 
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iiact  inimber  F49620-92-J-00y8. 

■  iv.xxoii  Research  and  Engineering  Company.  Route  22  East,  .\nnandale,  NJ  08801. 
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o!  i!it?  -.ource  term  normalizes  the  ?ot.iJ  energ)  released  bv  the  source  ?o  that  it  dues  not  depend 
oil  f. 


.Illd 


:•>  the  following  form 

1  Po 

for  r  >  0 

/.r>  =  ^ 

V 

1 1 

V 

1 

[  P2 

;  <  -L 

--I 

^1) 

for 

z  >  0 

•  rnl 

itr.y.z,  ^ 

-L 

<r<0  ‘4. 

i  2 

z  < 

-L 

occupies  the 

slab  —L<z 

<  0 

and  the  acoustic  medium  is 

liuinugcneous  in  the  source  region  r  >  0  and  below  the  slab  in  r  <  -L.  In  [Ij,  [2j  and  here  we  assume 
that  p  is  equal  to  a  constant  pi  in  the  random  slab  in  order  to  simplifv  the  presentation.  The  aiial\si.s 
can  be  e-xtended  to  the  general  case  in  a  routine  manner  as  for  e.Kample  in  [4).  The  inverse  bulk 
modulus,  the  compressibility,  has  the  form  ( 4)  vvith  y,  z )  the  mean  or  average  compressibility 

.ind  t'  the  fluctuation.  When  the  mean  A'f’  is  a  functioi.  of  r  only  and  the  fluctuations  have  the 
foim  1/  =  t/{p)  then  the  random  medium  is  layered.  Here  u  h  a.  stationary  random  function  vvith 
.iieaii  zero  and  finite,  decaying  correlations.  The  scaling  of  the  fluctuations  is  as  was  described 
above,  the  random  layering  varies  on  a  scale  much  shorter  than  the  pulse  width.  In  the  genertd 
case  i4)  we  have  a  locally  layered  random  medium  because  the  average  compressibility  A',"'  is  a 
function  of  {x,i/.c)  while  the  fluctuations  u  are  constant  on  the  surfaces  <p{x,y.z)  =  const  and 
lemain  functiojis  of  a  single  variable.  This  is  what  we  call  a  locally  layered  random  medium.  It 
is  shown  in  detail  in  [2]  that  we  can  actually  let 


o(x.y,z)  = 


III  ^4}  without  loss  of  generality  because  the  apparently  more  general  case  leduces  to  this  one  after 
a  change  of  variables. 

We  are  interested,  therefore,  in  solving  equations  (1)  and  (2).  assuming  that  p  and  u  are  zero 
initially  and  that  p  and  the  normal  component  of  u  are  continuous  across  the  interfaces  x  =  0  and 
:  ■=  -L.  We  are  interested  in  calculating  statistical  properties  of  the  solution  when  e  is  small. 
We  are  particularly  interested  in  the  two-point  correlation  function  for  the  pressure  on  the  surface 
--  =  0 

{p(t\,Xi,yi,0)p(t2,X2,y2,0))-  (6) 

Here  the  angular  brackets  denote  ensemble  or  statistical  average. 


2  Results 

To  describe  the  analytical  results  we  must  first  go  through  a  series  of  transformations  that  do  not 
involve  the  random  fluctuations.  We  deal  with  the  random  fluctuations  after  the  equations  have 
been  suitably  transformed. 

.Since  the  coefficients  in  (1)  and  (2)  do  not  depend  on  time  we  can  use  Fourier  transforms.  Let 

,  .  r°°  , 

p=  e  t  p  at  ,  vi  =  j  e  (  u  at  (i) 

J  -  X>  J  — » 
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■a  -  r  ■  =  ■ 


-  -  e  . 


•)  .1 


■  u  =  .  ‘.iva  ■;[»>  r'-i’.oii  -L  <  r  <  o  Mi«>  .ibuw  .M!’i<tiaai'  become 


iJ;)  i~,>\  .  J‘i  _  -  ,  :  .  0  t  iJi)  d  t  Of) 

d:  ^  0:  tKi  t-  Ox  t~:i)\dx  d'j  t^pxOy' 

U  iieii  riie  .  oerficieuta  iu  ‘9,1  depend  only  on  r.  -A-liich  is  the  case  ot’  a  plane-lav ered  random 
Ae  mn  continue  the  analysis  of  lOj  by  raking  Fourier  rransforms  in  the  horizontal 
..i:..i!d'*s  ‘  r.  j  .  We  .  aiinoi  do  Miis  i'oi  .i  lo<  all>  layered  medium,  however.  Instead,  we  use  a  special 
acoustic-  ’.epreseuiation  of /)  and  n  which  is 


''  =  o;biy.»h"' 


(Ik 


(Ik 


iieie 


P\ 

Sr 


and  ?-  =  y-i  f.  'j.::ki  are  solutions  of  the  deterministic  eikonal  equation 


1 


rr 


'Vi-f  =  —  .with  ci(x.y.:)=  .  ■  —  A’i(.r.i/.r). 

V 


in  r  <  0  with  the  boundarv  condition 


1 10) 
(11) 


(1-2) 


lld> 


S~i  X,  y,0\  k)  =  ~K  •  X  ,  x  =  {x.y),  k  =  (kx.K)). 


(14) 


Here  k  is  the  horizontal  slowness  vector  at  c  =  0  and  we  assume  that  the  eikonal  equation  ;1.3) 
has  a  smooth  solution  in  the  random  medium  -A  <  c  <  0.  In  (10.11)  .4  and  B  are  the  up  and 
down  going  local  wave  amplitudes  and  thev  depend  on  the  depth  r.  the  horizontal  slowness  k.  the 
iVeijuency  _•  and  the  horizontal  coordinates  x. 

When  the  layering  is  plane  then  ci  =  ci(r)  and  it  is  easy  to  see  that 


•^-{x. ::  K)  =  ±K  ■  X -r  /  - \/l  -  cr(.>)K-f/s  (i5t 

Jq  Ci(S)  '' 

111  r  <  0  and  (lO.lli  are  essentially  equations  (2.29)  of  ’l\  after  taking  account  of  the  inverse 
Fourier  transform  in  time  and  the  different  normalization  of  A  and  B  here*. 

'  riie  aiiiplmules  4  .vad  B  coi respond  to  s+^’4  and  in  [1],  respectively  .N'ote  also  that  in  the  plane  l.iver 

case  C.r  =  C- 
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SliH-?  the  equations  iV*  are  linear  it  is  sufficient  that  the  integrands  in  ilOt  sati^f>  tiiein  for 
•Mih  iiorizontal  slowness  k.  After  a  straightforward  but  length;,  calculation  we  find  that  the  up  ami 
■  lo.vn  noing  local  wa\e  anipHtnies  A  and  B  satisfy  the  following  stochastic  transport  i‘iiua:.oiis.  up 
'eniis  that  are  neeligibi**  in  the  asymptotic  analysis  for  small  »: 


w  here 


s.'-  -r  c-  •>  I  .‘-'••I  _c/.l  _  /_•;»  '  , 

s-s-  'J'J  *  ‘  ■  ' 

s- -r  s'- -n  'd  1  I 

■  .■  ■■■■  - - (I  —  -r  J  —  r-  B  ~ -  B  -  At  <  -  negl.  terms 

sVs-  i):  Ox  dij  t  • 


o'  =  —St  .  3~  =  —S~  . 
f>\  ‘  P\  ^ 

^  c)  1  d  ,  \  0  V 

T  =  -rpl— bpl-i-  rrl—^T)  . 

Ox  Pi  dij  px  ^  Oz  Pi 

r  =  -(5"^  T  5“)  .  n  = 

lii  the  plane  layer  case  we  see  from  (1-5)  and  (12)  that 

1  f,  ~  .  .  ClPl 

i.  =  -Jl-  CjK-'  ,  =  ^  =  - — 


Thus. 


1.  ^  t/,1, 


(,+  +  2  dz  (, 

and  Q=  =  J-  =  0  so  that  equations  (Id. 17)  reduce  to 

^  [5  -  At-'^'l^\  -  +  negl.  terms  (24) 

dz  2c  ‘  I  i  2  dz  (, 

.Voting  as  above  that  .4  and  B  correspond  to  (^H^B  in  (1],  that  (,'+  =  C-  =  C  in  plane 

layer  case  and  that  the  local  sound  speed  Ci  =  ^/Kijpi,  equations  (2.3,24)  coincide  with  equations 
t2.27a-b)  of  [ij.  The  order  one,  rapdly  oscillating  terms 

^  D  ^  'K\  liwTh  \ 

d-A  "  ’  20  d: 

that  appear  in  (2.27a-b)  of  [1]  do  not  appear  in  (23.24).  They  are  the  negligible  terms  in  these 
equations.  The  terms  neglected  in  the  more  general  equations  (16,17)  are  of  this  type  and  highei 
ordei  in  e.  We  note  that  in  the  plane  layer  case  the  variable  r  defined  by  (20)  coincides,  in  view  of 
( 1.5).  with  the  oblique  travel  time  r(x,K)  of  [l]  (eqn.  (2.24)  in  (ij). 

When  the  random  fluctuations  n  =  0  in  the  general  transport  equations  (16.17)  we  note  that 
then  decouple  into  the  usual  transport  equations  of  geometric.al  acoustics  for  the  local  wave  ampli¬ 
tudes  .4  and  B. 

So  far  the  randomness  of  the  medium  has  played  no  role.  We  have  simply  reduced  the  orig¬ 
inal  pioblem  to  the  analvsis  of  the  transport  equations  (16,17),  which  are  complicated  stochastic 
equations  containing,  however,  the  simplifications  that  come  from  the  geometrical  acoiustics  ap- 
l)io.\imation  in  the  locally  layered  medium.  In  particular,  when  S~  satisfj  the  eikonal  equation 
ll  J)  then  the  0(\)  random  terms  on  the  right  side  of  the  transport  equations  (16,17)  have  zero 
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2.1  Brief  review  of  results  for  lavered  random  media 
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I (•■“*■■■*  '  -  2r  —  -  iiegl.  reiiii-! 


'  2^  I 


>  I 


/  ■,:<!)  -vitii  1  -ii-i.Mi  .it  :  =  -  L.  for  r'.vtample  f  =  0  if  the  media  are  iiiatciied  at  the  interlace 
:  =  ~L.  It  I.-'  ea.>y  to  -ee.  in  the  matched  case,  that  the  reflected  pre>.'iir<>  .n  the  .surface  r  =  U  due 
li.e  incident  pi.i.se  emanating  from  lO.O. -ji  i.s  given  by 

J  J  j  .  r  0.~.KK/wdAc  rl7'> 


uiieie  Co  =  V  .3  the  sound  speed  in  the  medium  above  the  random!)  layered  slab. 

T!ie  two-point  correlation  function  for  the  reflected  pressure  at  the  surface  is  given  by 

/i/..x.f.x.  =  lim(p,.efl  [t  ^  f 

.\’ofe  that  the  oifsets  in  time  t  and  horizontal  coordinate  x  are  of  order  e.  It  is  easy  to  see  that  for 
huger  offsets  the  relected  pressures  are  statistically  independent.  The  correlation  time  and  length 
aie  comparable  to  the  pulse  width,  which  is  of  ora^r  e  in  our  scaling.  Inserting  the  integral  (27) 
into  i2.t>)  we  get  the  following  expression  for  the  intensity  where  for  simplicity  we  .set  the  spatial 
olfset  X  equal  to  zero. 

I(t.x.i.O)  = -^  J (29) 
Ihue  \  IS  the  local  power  spectral  density  of  the  reflected  pressure  signal  and  it  is  given  by 


.\(t.X.w)=  — — -  f  I  </KH''‘(0.t.X.  K.. 
4(  ».t  )*  d  J 


(dO) 


w  here 


IF-'‘(-.t.x.«.w'j  =  lim  j  j  <lhdX{r-^(:.^'  +  ^  (31) 

with  .V  >  0  an  integer. 

The  main  result  of  our  theory  presented  in  [1]  is  the  derivation  of  a  system  of  transport  equations 
tor  the  moments  of  the  reflection  oefficient  IT''.  This  comes  from  the  asymptotic  analysis  of  the 
•uocha.stic  equation  (2b)  and  has  tiie  form 


die' 


-  2.V 

-  2 


d\V 


rS 


C\K 


Cul-qK2)l/2  dt  ’  (l-cf«-!)l/2 

' „  2W^  4-  W^'^- ‘ }  =  0 


vir 


(32) 


Cj(l  -  CjK^) 
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d: 


where’  .V  >  0.  c  <  0.  are  in  /?'  and  x  is  in  R^.  Equations  (32)  are  to  be  solved  in  -i  <  r  <  0 
will!  the  initial  condition 

W  ''  ;=-i  =  '  33  ; 

I’iie  i>araiiieter  a  depends  on  the  lluct nations  u  and  is  given  by 

n  =  -  j  (!/(.>  lid  0))<L'  '3-1) 

3  Jo 

We  lee.dl  that  we  ha\e  aasuiued  the  medium  to  be  matched  at  both  interlaces  ;  =  0  and  z  =.  -L. 
Xuie  that  the  system  of  transport  equations  (3‘2)  is  an  initial  value  problem  with  r.  the  depth 
looidinate.  phaying  the  role  of  time  while  real  time  and  the  horizontal  coordinates  behave  like 
ipate  variables.  This  is  because  of  the  invariant  imbedding  that  is  brought  in  by  the  reflection 
cuelfivient  F  and  the  Riccati  equation  (26)  it  satisfies.  It  is  the  use  of  invariant  imbedding  th.i.t 
allow.s  us  to  analyze  waves  in  randomly  layered  media  in  such  detail. 

Given  the  mean  .sound  speed  ci{r)  in  -L  <  c  <  0  the  transport  equations  (32)  vvith  initial 
condition  (33)  are  well  defined  and  can  be  solved  numerically  with  relative  ease,  as  was  done  in 
[ij.  Ill  the  special  case  when  the  mean  sound  speed  Cj  is  constant  the  transport  equations  can  be 
solved  analytically.  It  is  useful  in  this  case  to  include  in  the  formula  for  the  local  power  s|)ectral 
deiisitv  the  effect  of  dissipation  in  the  medium  when  modelled  by  the  term  cru  on  the  left  side  of  the 
momentum  equation  (i).  We  assume  that  the  medium  is  matched,  as  noted  above,  that  the  source 
is  located  at  the  interface  so  that  c,  =  0  and  that  the  directivity  vector  e  =  (0,0,1)  is  vertical. 
With  r  =  |x|  we  then  have 


.\(i.r.w')  = 


-oxiIpx 


c?(l-(r/e|()^)‘/^ 


.1(2')2ci(C,/)2 


t2 


1  + 


C'l  i 


(35) 


Tliis  lesult  (and  the  more  general  ones  in  (l))  is  quite  inteiesting  because  it  shows  e.xplicitly  the 
effect  of  multiple  scatteiing  on  reflected  signals;  the  slowly  decaying  coda  of  the  signal  because  of 
the  multiple  scatteiing  as  well  as  the  exponential  attenuation  due  to  leal  dissipative  effects.  .\ki 
has  long  been  interested  in  the  quantitative  analysis  of  codas  [5]  as  are  Richards  and  Menke  [6] 
whose  work  stimulated  our  own  efforts  in  this  area. 


2.2  Nearly  plane  locally  layered  random  media 


W'e  assume  in  this  case  that  the  mean  compressibility  given  by  (4;  has  in  the  region  -L  <  z  <  Q 
the  form 


K{'(x,y,z}  =  A'f,*(r)-l-cA'i"/(x.y,-) 


(36) 


so  we  are  dealing  with  a  small  perturbation  of  a  plane  layer  medium.  We  solve  the  e.  anal  equation 
(13)  by  expanding  5*  in  the  form  S~  =  S*(z:;k)  -f  c5f(x,y,c; /c) -f  ■  ■  •  where  5*  ate  the  plane 

layer  5  functions,  given  by  (15)  vvith  Ct(r)  replaced  by  cn(x)  =  A'ii(x),  and  Sf  are  solutions 
of  ^  ^  ^ _ 

K-V//SfT — Jl  -  =  —  ,with  ci2(x,(/,c)  =  !/pf'A'i2(a:.'/,-)  (37) 

Cll  o'  Ci2 


Ileie  'F//  =  (;^,  ^)  and  (37)  can  be  solved  readily  by  horizontal  Fourier  transforms.  The  stochastic 
tiaiisport  equations  (16,17 j  reduce  to  the  plane  layer  transport  equations  (23.24)  with  ci  replaced 
with  cii-  The  only  difference  comes  in  the  travel  time  r  in  these  equations.  The  0(t)  correction 
to  r,  given  by  (20)  with  S~  expanded  as  above,  is  important  and  introduces  dependence  on  the 
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.  ,  -’..'ai  -  x  .  .  ■:  . <  ..r-'..*:.  ordinary  x/.i 

.  .’’lit  ’  V.**  ■>...••*  .*I»*'*I  .1.  t)*  ***■  .'✓W " 

...»  ....  li'^r  '‘II*!  I.ii*-' :  ‘  'ia’  .-yli '  •>  J  .  »  ;  I  *'*4  ''•'.’  *  a .  a  .4*'  •'.  * «  i  .t.  4  ■  .  I  '  > 

•'  •"  a;;. Oh  '**■■  ‘-a*  '■  il  v.','.4  ‘ •■'X'.r.*';**!**  i  •j.t'-’hOihil ‘->'.1  i -..*>1.*  .  ■  ■■: 

* ..  4 « »  I lili  .  I  »•.*  \\  '  -h '  .a'.  ^  !iOV.  ,1  \\  !*■  h  X  a »i‘.  ..  t’  '  ai. 


2.3  General  locally  layered  random  media 

hi  die  general  ca.se  \\li-"!e  'lie  mean  compres-sibility  /v',~‘  depends  in  a  nontrr.ial  \^ay  un  die  lo- 
•  )i<i;!iates  (.r.y.ri  v.e  lia\H  ro  solve  die  full  eikonal  e<iiiatious  il.3‘  .uid  rim  ^rochastic  traa'por; 
•'.  i.iiioiis  I  lP.17  Cu  nor  Miiipiiu  to  ordinary  differential  eriuations.  ^o  xe  cannot  use  iioii.n  le- 
.i-‘i'ioii  coetfient..  >-')•  as  la  riie  plane  layer  ca^e.  We  introduce  the  local  leiiection  coeihcient' 
r  :.  r.  y.  .r'.  y':-n  k  •  i)v 

.•h  .r.  K I  =  j  j  fi  r.  .c.  ly.  x'.  y'; k )Bi  xh /.  r: rcldx’i/y' 

.ind  Using  1  Id.ITi  we  get  a  distributed  Riccati  equation,  analogous  to  '2()). 

r.^o.r-rD  --.r-r-.l inr-rn'i-r— =o  -.Wi 

«•  e 

up  to  negligible  terms  as  .  reads  to  ^ero.  Here  we  have  used  the  notation  D~  =  a=dj.-r  )-0y.  prime 
denotes  action  or  evaluation  ou  the  variables  (x'.y')  and  we  have  put  the  primed  operators  on  the 
nnht  to  emphasize  that  tlie>  act  on  the  second  set  of  horizontal  variables  in  flx.x.y.x'.y'  ^.k} 
The  kev  observation  legaidiiig  1.39,1  is  that  it  is  a  linear,  stochastic  Riccati  equation,  in  contrast 
'o  I  he  plane  l.iyer  case  'Jbt  where  the  term  F*  is  quite  important.  This  means  that  i.30i  can 
lie  analyzed  in  considerable  detail  [2!  despite  the  fact  that  it  is  a  stochastic  partial  differential 
■‘quation. 


3  Conclusions  and  recommendations 

Oui  results  have  a  simple  physical  interpretation.  In  the  plane  layer  or  nearly  plane  laver  case  we 
get  very  strong  reflection  from  multiple  scattering,  and  slowly  decaying  wave  codas  as  can  be  seen 
fioiii  (.3.5).  In  the  locally  lavered  case  multiple  scattering  is  distributed  along  the  layers  and  is  hence 
.veaker.  The  increased  comple.xity  of  the  problem,  which  makes  analysis  look  hopeless  at  first,  lus 
111  it  the  important  simplification  of  leading  to  a  linear  Riccati  equation  i39).  Details  are  in  [2|. 
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CONTINUQUS  SEISMIC  THRESHOLD  MONITORING 
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NORSAR,  P.O.  Box  51,  N-2007  Kjeller,  Norway 

Contract  No.  F08650-93-C-0002 


Objective; 

The  project  objective  is  to  develop  and  implement  a  prototype  seismic  analysis  system  based  on 
the  continuous  seismic  threshold  monitoring  method  (Ringdai  and  Kvaema,  1989, 1992).  Using 
data  from  any  type  of  seismic  stations  (single-component,  three-component  or  arrays),  die  method 
provides,  at  a  given  confidence  level,  a  continuous  assessment  of  the  upper  magnitude  limit  of  pos¬ 
sible  seismic  events  that  might  have  occurred  in  a  predefined  target  area.  The  prototype  system 
will  be  capable  of  conducting  continuous  processing  of  real-time  data  fixim  the  six  regional  arrays 
in  northern  Europe,  and  it  will  focus  on  monitoring  northern  Europe  and  western  Russia,  including 
Novaya  Zemlya.  The  system  will  be  adaptable  to  extension  to  other  areas  .of  special  interest  and  to 
inclusion  of  data  from  other  seismic  stadons,  both  on-line  and  off-line. 


Research  accomplished; 

The  NORSAR  staff  has  during  the  last  four-five  years  conducted  extensive  research  on  the  devel¬ 
opment  and  applicadon  of  the  Continuous  Seismic  Threshold  Monitoring  method  (CSTM),  and 
two  different  approaches  have  been  developed; 

Site-specific  threshold  monitoring: 

By  ‘focusing’  a  seismic  network  on  a  specific  target  site,  continuous  threshold  monitoring  of  that 
site  is  achieved.  We  optimize  the  monitoring  capability  by  tuning  the  frequency  filters  and  array 
beams  to  known  characterisdcs  from  previously  recorded  events  at  the  site.  We  define  the  thresh¬ 
old  trace  for  the  network  as  the  continuous  time  trace  of  computed  upper  magnitude  limits  of  seis¬ 
mic  events  in  the  target  area  at  a  90  per  cent  confidence  level. 

For  example,  we  have  conducted  several  monitoring  experiments  of  the  northern  Novaya  Zemlya 
nuclear  test  site,  using  data  firom  the  Fennoscandian  regional  array  network  (NORESS,  ARCESS, 
FINESA).  As  illustrated  in  Fig.  1,  these  three  arrays  are  all  within  regional  oistances  from  the  test 
site.  Fig.  2  shows  results  of  the  monitoring  of  October  24, 1990,  which  was  the  day  of  the  most 
recent  nuclear  explosion  at  the  northern  Novaya  Zemlya  test  site.  The  upper  three  traces  of  the  fig¬ 
ure  represent  the  threshold  traces  obtained  from  the  tl^  individual  arrays,  whereas  the  bottom 
trace  illustrates  the  combined  network  threshold.  Typically,  the  individual  array  traces  have  a  num¬ 
ber  of  significant  peaks  for  each  24  hr  period,  due  to  interfering  events  (local  or  teleseismic).  On 
the  network  trace,  the  number  and  sizes  of  these  peaks  are  gready  reduced,  because  an  interfering 
event  will  usually  not  provide  matching  signals  at  all  stadons.  On  the  one-day  figure,  we  have 
included  comments  in  the  figure  caption  explaining  the  presence  of  the  most  significant  peaks  on 
the  networic  trace.  The  previously  mentioned  nuclear  explosion  (m^  =  5.7)  on  Novaya  Zemlya  nat¬ 
urally  stands  out  on  the  plot  While  the  peak  value  of  the  network  trace  does  not  represent  tte 
actud  magnitude  of  the  event,  it  is  in  fact  close  (5.64). 
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As  a  general  conunent  to  Fig.  2,  we  note  that  such  plots  enable  the  analyst  to  obtain  an  instant 
assessment  of  tlie  actual  threshold  level  of  the  monitoring  network.  The  peaks  on  the  network 
traces  may  be  quickly  correlated  with  a  detecticn  bulletin,  in  order  to  decide  whether  they  origi¬ 
nate  from  interfering  events  or  from  events  in  the  target  region.  At  NORSAR,  such  detection  infor¬ 
mation  is  currently  provided  by  the  Intelligent  Monitoring  System  (IMS)  (Bache  et  al.  1993). 

After  1  October  1992  a  moratorium  on  nuclear  testing  has  been  in  effea  for  the  US,  UK,  Russia 
and  France.  On  this  background,  we  have  applied  the  CSTM  technique  to  the  northern  Novaya 
Zemlya  test  site  for  a  full  six-month  period  (1  October  -  3 1  March  1993),  using  the  NORESS, 
.ARCTKS  and  FINESA  regional  arrays.  Starting  1  December  1992,  we  have  compiled  daily  statis¬ 
tics  of  all  peaks  on  the  network  threshold  trace  exceeding  =  2.75,  and  associated  these  peaks  to 
regional  or  teleseismic  events  whenever  possible.  In  addition,  we  have  analyzed  smaller  peaks 
(below  =  2.75)  that  can  possibly  be  associated  with  Novaya  Zemlya  epicenters. 

Fig.  3  shows  a  histogram  of  the  number  of  peaks  exceeding  given  magnitude  thresholds.  During 
the  entire  four-month  period,  there  were  only  40  peaks  exceeding  =  3.0.  Each  of  these  peaks 
could  be  tmambiguously  associated  with  either  a  regional  or  teleseismic  event  Consequently,  at 
the  specified  confidence  level,  we  can  state  that  no  seismic  event  of  >  3.0  occurred  at  the  test 
site  during  this  four-month  period. 

At  09:29  GMT  on  31  December  1992,  a  peak  in  the  network  threshold  trace,  see  Fig.  4,  occurred 
that  corresponded  to  an  event  located  sli^tly  to  the  north  of  the  Novaya  Zemlya  test  site.  This 
event  was  located  by  the  IMS,  and  has  been  extensively  studied  by  various  research  groups  (e.g.. 
Carter  et  al,  1993).  The  event  magnitude  was  by  Carter  et  al  (1993)  estimated  at  local  magnitude 
2.5.  The  corresponding  upper  magnitude  limit  estimated  by  the  CSTM  method  was  2.6,  see  Fig.  4. 
In  fact,  the  event  magnitude  (2.5)  was  below  our  target  threshold,  but  the  peak  was  still  easily 
identified  on  the  threshold  trace. 

Regional  threshold  monitoring'. 

This  involves  conducting  site-specific  monitoring  of  a  dense  grid  of  geographical  aiming  points 
(Fig.  5)  and  requires  the  development  of  generic  phase  attenuation  relationships  for  covering  an 
extended  geographical  region.  Using  data  from  the  Fennoscandian  regional  array  network,  we 
have  demonstrated  that  the  network  thresholds  in  Fennoscandia  and  adjacent  regions  show  strong 
regional  dependence  (Ringdal  and  Kvajma,  1992).  As  shown  in  Fig.  6,  the  thresholds  are  below 
nifj  =  0.5  close  to  each  array  (<300  km  distance)  and  range  from  nif,  =  2.0  to  2J5  in  parts  of  the 
Norwegian  Sea  and  Barents  Sea.  The  thresholds  also  vary  significantly  under  different  background 
noise  conditions,  and  an  Increase  of  about  1.0  units  is  typically  observed  during  a  large  tele- 
seisnuc  earthquake  (Ringdal  and  Kvsema,  1992).  The  regional  threshold  maps  are  in  some  ways 
similar  to  the  standard  network  capability  maps  traditionally  used  in  seismic  monitoring  studies 
(Networth,  Snap/D,  etc.).  Thus,  Fig.  6  could  be  seen  as  a  capability  map.  However  there  are  some 
fundamental  differences. 

•  Standard  capability  maps  use,  as  a  basis,  statistical  models  of  signal  and  noise  charaaeris- 
tics;  in  particular  a  signal  variance  and  a  noise  variance  is  assumed  to  compensate  for  statis¬ 
tical  fluctuations.  In  contrast,  the  regional  CSTM  maps  give  ‘snapshots’  of  the  capability  as 
acmally  observed  at  a  given  point  in  time. 

•  With  standard  maps,  no  allowance  is  made  for  unusual  conditions,  such  as,  for  example,  the 
occunrence  of  a  large  earthquake  or  an  aftershock  sequence  which  may  cause  the  network 
capability  to  deteriorate  for  hours.  With  the  CSTM  approach,  the  actual  variation  in  detec¬ 
tion  capability  is  immediately  apparent 
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•  Standard  capability  maps  require  assumptions,  e.g.  with  regard  to  ‘SNR  threshold  required 
for  detection’  and  ‘minimum  number  of  stations  required  to  locate’.  The  CSTM  maps 
require  no  such  assumptions  since  they  are  not  tied  to  ‘detecting  and  locating’  seismic 
events,  but  rather  describe  the  observed  ‘seismic  field’  at  any  point  in  time. 

Such  regional  threshold  maps  have  advantages  over  standard  network  capability  maps  in  being 
more  accurate  during  time  intervals  when  interfering  seismic  events  occuc  They  can  also  more 
easily  reflect  special  conditions  such  as  particularly  favorable  source-station  propagation  paths, 
and  have  the  advantage  of  not  being  tied  to  specific  event  detection  criteria. 


CQnclusionLand  rewmmentlations; 

The  Continuous  Seismic  Threshold  Monitoring  has  been  demonstrated  to  provide  a  simple  and 
very  effective  tool  in  day-to-day  monitoring  of  a  site  of  particular  interest,  and  thereby  offers  a 
valuable  supplement  to  the  Intelligent  Monitoring  System  (IMS)  in  nuclear  test  ban  monitoring. 

The  future  woric  will  concentrate  on  developing  and  implementing  a  computer  system  that  facili¬ 
tates  CSTM  analysis,  both  site-specific  and  regional  using  map  displays.The  system  will  be  clqsely 
integrated  with  the  IMS,  and  the  peaks  on  the  threshold  traces  will  we  analyz^  with  an  automatic 
event  explanation  facility  based  on  the  IMS  bulletin.  In  cases  when  the  CSTM  results  suggest  that 
further  off-line  analysis  should  be  invoked,  the  Analyst  Review  Station  of  the  IMS  will  be  used. 
Concerning  regional  threshold  displays,  we  will  emphasize  the  development  of  an  ‘animation/ 
scrolling’  display  showing  how  the  threshold  situation  fluemates  with  time. 
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Fig.  1.  Location  of  the  taiget  area  (the  northern  Novaya  Zemlya  test  site)  for  the  threshold  monitor¬ 
ing  experiment  The  locations  of  the  three  arrays  NORJESS  (A  =  2280  km),  ARCESS  (A  =* 
1100  km)  and  FTNESA  (A  =  1780  km)  are  indicated. 
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Fig.  2.  Threshold  monitoring  of  the  Novaya  Zemlya  test  site  for  day  297  (1990  October  24).  The 
top  three  traces  represent  thresholds  (upper  90  per  cent  magnitude  limits)  obtained  from 
each  of  the  three  aixays  (ARCESS,  FINESA,  NORESS),  whereas  the  bottom  trace  shows 
the  combined  network  thresholds.  NOTES:  (1)  an  underground  nuclear  explosion  (m^  =  5.7) 
at  Novaya  Zemlya  at  14:58:00  GMT.  The  peak  of  the  network  trace  is  5.64.  (2)  Two  tele- 
seismic  earthquies  from  N.  Xinjang  province,  China  (mt,  =>  52  and  5.4).  The  P-wave  and 
coda  from  eac^  of  these  earthquakes  cause  the  network  threshold  to  increase  to  about  m),  = 
3.0  for  the  target  region. 
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Fig.  3,  Histogram  showing  the  distribution  of  peaks  on  the  network  threshold  trace  for  the  four- 
month  monitoring  experiment 
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Fig.  4.  Threshold  monitoring  of  the  Novaya  Zemlya  test  site  for  a  6-hour  interval  on  31  December 
1992.  The  threshold  traces  are  similar  to  those  of  Fig.  2.  The  peak  in  the  netwoik  threshold 
trace  corresponding  to  the  Novaya  Zemlya  event  at  09:29  GMT  (Ml  =  2.5)  is  indicated  by 
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Fig.  6.  Example  of  regional  threshold  display  of  network  threshold  levels  at  a  lypical  time  period 
with  no  seismic  activity.  The  thresholds  are  below  m^,  =  0.5  close  to  each  array  (<  300  km) 
and  exceed  2.0  in  parts  of  the  Norwegian  Sea  and  Barents  Sea. 
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AN  INTERNATIONAL  DATA  EXCHANGE  SYSTEM  OF  OPEN  STATIONS  USING  TWO 
STANDARD  INTERNET  TOOLS:  GOPHER  PLUS  AND  NFS  REMOTE  MOUNT 

James  Edward  Lawson  Jr. 

Oklahoma  Geological  Survey  Observatory 

Contract:  F91628-92-K-0028 


OBJECTIVES 


Using  existing  software  and  exisdng  networks,  design  a  communications  infrastructure  that  will  meet 
all  or  most  of  the  requirements  of  Teclinical  Concepts  for  an  International  Data  Exchange  System,  Un* 
ited  States  Delegation  GSEAJS/84,  February  1993". 

RESEARCH  ACCOMPLISHED 


The  Tulsa  GSE  Open  Station  condnuously  records  19  seismic  and  magnedc  data  channels  at  60,  40, 
10,  or  one  sample(s)  per  second,  with  a  total  of  484  samples  per  second.  One  day’s  data  is  170  MB, 
slightly  over  the  amount  specified  for  an  array  in  GSE/US/84. 

For  tesdng  data  transfer,  we  assume  that  every  alpha  and  beta  stadon  has  a  data  machine  (computer, 
host),  and  a  communicadons  machine.  At  Tulsa  these  were  a  Sparc  1-f  (64  MB  RAM,  5.5  GB  disk), 
and  an  SLC  (16  MB  RAM,  one  GB  disk).  Other  machines  on  the  LAN  were  not  involved.  The  data 
communicadons  machine  at  a  stadon  runs  gopher  plus,  and  probably  handles  mail  and  a  real  time  data 
display  as  well 

For  six  months  SMU  and  Tulsa  have  remote  mounted  each  other’s  disk  waveform  files,  about  two  GB 
in  each  case,  with  Sun  NFS  (Netwoik  File  System).  NFS  is  an  easy,  transparent  method  of  working 
with  files  fiom  another  site.  NFS  files  must  be  mounted  directly  fipom  the  data  machine.  Although  you 
can  export  a  soft  link,  you  can’t  export  a  file  system  which  is  itself  re.mote.  The  waveform  file  tree  may 
be  exported  in  a  read  only  mode  to  only  machines  listed  in  the  exports  file. 

NFS  is  transparent,  but  any  data  (or  directories)  which  are  actually  used  at  a  remote  site  must  be  phy¬ 
sically  transmitted.  Any  data  actually  used  by  the  IDC  should  be  copied  there,  to  avoid  retransmission 
in  processes  such  as  beamforming,  which  would  repeatedly  use  the  same  samples.  Data  not  actually 
processed  would  not  be  copied  and  archived  at  the  IDC.  The  only  complete  archiving  would  be  at  the 
alpha  station,  unless  the  station  was  considered  unreliable  as  a  archive  of  its  own  data. 

Figure  1  shows  the  remote  mount  configuration.  In  many  locations,  the  lack  of  internet  connections 
(intwnet  is  prKcnt  on  all  seven  continents)  would  be  a  problem.  However,  e-xisting  internet  providers 
could  probably  extend  to  these  sites  cheqxsr  than  dedicated  links  could  be  established.  Low  l^dwidth 
on  some  internet  connections  could  be  addressed  by  equipment  and  line  upgrades. 

During  the  day,  when  internet  use  was  fairly  hi^,  we  are  able  to  copy  a  four  hour,  40  samples  per 
second,  SMU  waveform  file  from  the  NFS  mount  to  a  local  file  at  8.4xRT  (8.4  times  real  time,  mean- 
■ing,  in  this  case,  four  hours  divided  by  8.4).  That  speed  is  adequate  frv  alpha  station  transfers.  However, 
examining  a  detailed  traceroute  indicated  most  of  the  delay  was  in  the  slow  leased  line  from  Leonard 
(site  of  the  Tulsa  Open  Station)  to  a  node  in  the  city  of  Tulsa.  If  this  one  line  was  upgraded  to  Tl,  the 
copy  speed  would  be  31xRT.  At  least  20xRT  could  be  expected  for  any  station  with  a  Tl  connect,  dur¬ 
ing  daytime  heavy  traffic.  Nighttime  speeds  could  exceed  fiOxRT.  Routes  crossing  from  day  to  night 
would  be  more  complicated.  - 

We  make  the  assumption  that  the-  IDC  may  possibly  be  established  at  the  CSS.  Paths  from  the  CSS  to 
far  places  (we  have  Iwked  in  particular  at  South  Africa,  Western  Australia,  Slovolda,  Singapore)  will 
protobly  approach  one-half  the  SMU  to  Tulsa  Open  Station  speeds.  Paths  to  South  America  will  be 
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significantly  slower  without  upgrades  to  the  long  slow  land  lines  witliin  the  continent. 

Without  giving  specific  numbers,  I  strongly  recommend  that  the  CSS  itself  upgrade  from  Tl/DSl  to 
T3/DS3. 

The  Russian  Federation  is  the  largest  nearly  blank  area  in  the  internet  world.  Even  there,  1  believe  that 
existing  European  and  Russian  net  providers  can  extend  the  internet  faster  and  cheaper  than  dedicated 
links  can  be  added. 

Beta  station  data  is  intended  to  be  transmitted  only  in  segments  as  needed.  For  efficiency,  I  suggest 
that  this  data  not  be  transmiued  through  NDCs  to  the  IDC,  but  instead  be  pulled  directly  from  the  sta¬ 
tions  by  the  IDC  with  the  internet  gopher  plus.  Gopher  plus  is  an  internet  wide  information  system.  It  is 
not  related  to  the  IRIS  DMC  gopher. 

Gopher  plus  presents  a  file  tree  as  a  hierarchy  of  menus  (figure  2).  When  a  file  is  selected,  it  is  au- 
tomaticly  transmitted  in  the  correct  mode  (binary  or  ascii).  A  gopher  plus  server  can  be  run  secure,  with 
only  listed  hosts  allowed  to  pull  files.  Gopher  plus  can  also  be  run  on  the  communications  machine  at 
each  site.  It  could  be  used  for  transmission  between  any  combination  of  alpha  and  beta  stations,  NDCs, 
and  the  IDC. 

Gopher  plus  speed  is  adequate.  We  can  pull  hour  channel  files  from  the  Tulsa  Open  Station  to  the 
CSS  (their  Xgopher  client)  9xRT  during  the  day.  Assuming  a  T1  upgrade  to  our  leased  line,  we  could 
go  32xRT  (40  sample  per  second  channels).  Upgrading  the  CSS  to  T3/DS3,  and  switching  from  their 
Xgopher  client  to  a  curses  version  of  gopher  plus  client,  would  give  additional  small  increases.  The 
T3/DS3  upgrade  at  CSS  will  only  become  important  when  several  alpha  stations  are  NFS  mounted 
there. 

Gopher  plus  is  nearly  in  the  public  domain.  The  original  developers  at  the  University  of  Minnesota 
state  that  any  gopher  plus  server  which  makes  data  available  without  charge  over  the  internet  is  con¬ 
sidered  licensed.  Gopher  plus  servers  and  clients  are  available  for  Unix,  VMS,  PCs,  Macs,  and  other 
platforms.  A  server  and  client  may  be  obtained  by  ftp  from  Minnesota,  or  several  other  sites.  Client  and 
server  can  be  built  and  operating  in  two  to  16  hours  depending  on  the  experience  of  the  systems  pro¬ 
grammer  with  gopher  plus  and  with  her/his  communications  platform.  The  IDC  could  use  internet  to  in¬ 
stall  the  package  on  a  communications  machine  at  another  site,  if  the  site  would  allow  the  IDC  systems 
person  a  temporary  root  password. 

The  use  of  gopher  plus  by  the  IDC,  NDCs,  and  stations  to  pull  files  from  a  station  assumes  no  station 
participation  except  mnning  a  gopher  plus  server  on  the  communications  machine.  The  waveform  files 
are  remote  mounted  from  the  data  machine  into  tlie  gopher  data  area  on  the  communications  machine. 
The  gopher  plus  server  will  optionally  log  the  date,  time,  host  name,  and  directory  or  file  read  in  every 
transaction.  A  secure  mode  gopher  will  log  the  same  data  for  every  refused  connection. 

At  the  Tulsa  Open  Station,  we  run  both  a  secure  gopher  plus  server  and  an  open  gopher  plus  server. 
The  open  gopher  has  all  our  waveforms  and  help  files,  as  well  as  a  few  text  files  (Oklahoma  earthquake 
catalog,  nuclear  explosion  catalog,  etc).  Gopher  plus  will  represent  a  mail  spool  as  a  directory  of  files. 
We  use  this  capability  to  keep  about  the  last  thirty  days  of  GERESS  bulletins  on  gopher.  We  also  NFS 
mount  SMUs  files  in  the  gopher  data  area.  Gopher  is  a  viable  method  to  distribute  remote  files,  but  it  is 
slow  and  inefficient  to  bring  NFS  data  in  to  send  out  by  gopher  on  the  same  physical  channel. 

If  gopher  plus  waveform  files  are  puUed  without  resegmenting  or  other  action  at  a  beta  or  alpha  sta¬ 
tion,  the  files  have  to  be  in  manageable  divisions.  At  the  Tulsa  Open  Station,  the  files  are  logically  di¬ 
vided  into  channel  hours  (refer  to  fig  2)  by  the  Csotech  GSE  software.  Although  this  softv/are  uses  an 
Oracle  RDBMS  on  the  data  machine,  Oracle  is  not  involved  in  NFS  mounts  or  gopher  plus  uansfers. 
The  hourly  waveform  files  are  a  convenient  size  for  gopher  plus.  In  CSS3.0  format  an  ascii  file  called 
dot  wfdisc  is  required  to  use  the  waveform  or  dot  w  (filename. w)  files.  The  dot  wfdisc  files  are  in  sta¬ 
tion  days,  and  must  be  edited  to  remove  all  lines  except  the  linc(s)  for  the  .w  file(s)  on  hand.  This  is 
not  difficult  to  do  with  simple  editors  (eg  Unix  vi),  but  it  is  a  function  which  could  be  scripted.  Gopher 
plus  also  uses  the  .w  extensions  as  a  clue  to  transfer  in  a  binary  mode  (disk  to  disk,  no  display:  some 
older  gopher  clients  will  insist  on  displaying  screenfulls  of  nonsense  as  a  binary  transfer  occurs).  Go¬ 
pher  plus  also  strips  the  .w  filename  extension.  Dot  w  may  be  easily  restored  in  the  "Save  in  file:"  box 
(last  menu  in  figure  2),  but  this  could  also  be  scripted.  The  gopher  plus  standard  allows  for  user 
definition  of  new  data  objects.  Perhaps  a  seismic  waveform  gopher  object  should  be  designed. 

Gopher  plus  is  so  friendly  and  rapid  that  we  use  a  gopher  client  to  examine  on-site  files,  more  easily 
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than  we  can  use  Unix  commands  like  Is,  pwd,  and  cd.  It  would  be  difficult  to  custom  design  a  seismic 
data  transfer  system  better  than  the  existing  gopher  plus. 


CONCLUSIONS 


NFS,  gopher,  and  internet  should  be  used  to  establish  the  system  outlined  in  GSE/US/84  {with 
changes  discussed  above,  particulariy  not  physically  routing  all  data  through  NDCs.  Even  considering 
some  new  internet  connections  and  upgrades,  such  a  network  could  be  established  quickly  and  cheaply. 

After  the  network  was  operating,  a  few  alpha  station  NFS  links  might  be  replaced  by  dedicated  cir¬ 
cuits.  I  am  convinced  that  gopher  plus  is  nearly  ideal  for  beta  station  transfers,  and  that  there  would  be 
no  reason  to  connect  beta  stations  by  dedicated  link. 
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Rgur©  1.  -  International  data  exchange  system  based  on  NFS  and  Gopher  plus.  The 
solid  lines  indicate  NFS  remote  mounts.  Each  Alpha  station’s  waveforms  are  remote 
mounted  at  the  IDC  and  at  their  NDC.  The  NDC  files  are  not  mounted  at  the  IDC.  Ail 
13  entities  shown  are  on  Internet,  and  have  Gopher  plus  clients  and  servers.  Gopher 
plus  will  be  used  for  any  ot  the  13  to  pull  files  from  any  of  the  other  13  entities.  This 
gives  78  possible  bidirectional  Gopher  paths  which  are  not  shown.  In  Gopher  terms  the 
entire  system  is  within  Gopherspace  (dso  called  Gopher  meta-burrow  or  Gopher  web). 
All,  some,  or  none  of  the  Gopher  plus  servers  can  be  open  -  a  part  of  the  worldwide 
Gopherspace.  Others  can  be  secure  -  hidden  from  all  but  the  Gopher  clients  in  their 
access  list. 
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igure  2 


i'terngf  Copher^  lnfnrtiatioti. Client  v1..2b6ta3l 


aoot  gopher  server:  vealaka.okQeosurveyi.gov 

->|  1.  vaveforas,  last  3  days  continuous  vaveforos  *  selected  events/ 

2.  Cklahooa  Earthouake  Catalog/ 

3.  Cklahoaa  Ceological  Survey  vavefora,  cal,  station,  and  aisc  info/ 

4.  CKCcOSURVEV  Postscript  Saisaograns/ 

5.  Catalog  of  .yiovn  nuclear  explosions  'UNOER  CCNSTRUCTION*/ 

S.  vaveforas  froa  other  sites/ 

7.  connect  to  seisaic  sites  outside  Oklahooa/ 

8.  Nuclear  testing  treaties  and  related  docuaents/ 

S.  Seisaic  bulletins  and  info  (not  vaveforas)  froa  sites  outside  CK/ 

10.  ONEHET  Cklahoaa  State  Regents  Higher  Education  net  info/ 

11.  Other  gopher  sites  and  veronica  sites/ 

12.  K12/ 


Internat  Conher*  Infnt  luation  CVi  enf  vl\  2beta: 


vaveforas,  last  9  days  continuous  vaveforas  +  selected  events 

1.  •REAO"NOW*  to  select  Logbook  or  dearchive. 

2.  *REAO*NOW»  before  selecting  Logbook. 

3.  ‘READ^NCtt*  before  selecting  dearchive. 

4.  Logbook:  Last  approxiaataly  nine  days  continuous  vaveforas/ 

5.  dearchive;  Packages  of  vaveforas  fron  selected  events/ 


Intftrnet  ConlieTv-Inforiiiation  Chenrt  v1.2beta: 


Logbook:  Last  approxiaataly  nine  days  continuous  vaveforas 


1. 

93134/ 

2. 

93195/ 

3. 

93196/ 

4. 

93197/ 

5. 

93198/ 

6. 

93199/ 

7. 

93200/ 

8. 

93201/ 

>I  9. 

93202/ 

10. 

93203/ 

11. 

93204/ 

12. 

93205/ 

13. 

93206/ 

14. 

93207/ 

15. 

93208/ 

IS. 

93209/ 

17. 

93210/ 

18. 

93211/ 

19. 

93212/ 

20. 

93213/ 

21. 

93214/ 

22. 

93215/ 

23.  NCmcE-aapty-di  rectories-vith-future-dates-aay-appear. 


a.  Top  level  gopher+  menu  displayed  on  initial  connection, 

b.  Second  level  gophert  menu. 

c.  Third  level  menu;  date  menu. 
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lintemet  tiopher*.  Inforaation  Cliertt-vt.2beta5 


93202 


1 .  LHO/ 

2.  RLO/ 

3.  510/ 
— >1  4.  TUL/ 

5.  WO/ 


linternet  Copher*  Infof^atToh  orient  vt.'2betaS 


TUL 


30.  TUL. bn, 93202. 080000  <Bin> 

31.  TUL. bn. 93202, 090000  <B1n> 

32.  TUL. bn. 93202. 100000  <Bln> 

33.  TUL. bn. 93202. 110000  <B1n> 

34.  TUL. bn. 93202. 120000  <aln> 

35.  TUL. bn. 93202. 130000  <B1n> 
3G.  TUL. bn. 93202. 140000  <8ln> 

37.  TUL. bn. 93202. 150000  <81n> 

38.  TUL. bz. 93202, 000000  <Bln> 

39.  TUL.  bz,  93202. 01 0000  <B1n> 


Save  in  file:  uS 


L;,bz.  93202, 


[Cancel  ^c)  [Accept  -  Enter] 


47.  TUL. bz. 93202. 030000  <8in> 

48.  TUL. bz. 93202. 100000  <B1n> 

49.  TUL. bz. 93202. 110000  <8in> 

50.  TUL. bz. 93202. 120000  <8in> 

51.  TUL. bz. 93202.130000  <8in> 

52.  TUL. bz. 33202. 140000  <8in> 
-->  53.  TUL. bz. 93202. 150000  <8in> 

54.  TUL. aagO. 93202. 000000  <8ln> 

55.  TUL. aagO. 93202. 01 0000  <8ln> 

56.  TUL. aagO. 93202. 020000  <8in> 

57.  TUL. aagO. 93202.030000  <8ln> 

58.  TUL. aagO. 93202. 040000  <B1n> 


Press  9  for  Help,  El  to  Quit,  B  to  go  up  a  menu 


Page:  2/10 


Figure  2.  c.  Fourth  level  gopher+  menu;  station  menu. 

d.  Fifth  level  menu;  file  menu.  A  file  has  already  been 
pulled.  The  dotted  box  allows  the  file  name  to  be 
replaced  or  edited  on  the  client. 
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Lg  PROPAGATION  IN  EURASIA 


Thome  Lay,  Xiao-bi  Xie,  and  Tlanrun  Zhang 
University  of  California,  Santa  Cruz 

Contract  No.  F29601-91-K-DB21 
July  1, 1991-June  30,  1993 

Objective: 

This  research  effort  was  directed  at  improving  our  understanding  of  RMS-Lg  yield- 
scaling  for  events  in  Eurasia.  The  motivation  stems  from  the  observed  stability  of  PJ4S-Lg 
measurements  as  an  indicator  of  relative  source  strength,  even  for  very  diverse  paths  and 
despite  the  presence  of  path-dependent  yield-scaling  slopes.  In  order  to  understand  the 
variations  in  yield-scaling  slope  and  the  general  energy  partitioning  in  short-period  regional 
phases  we  have  conducted  both  numerical  modeling  and  data  analysis  using  dagital 
seismograms  from  IRIS  and  CDSN  stations  and  the  JVE  exchange  seismogram  data  set 
collected  from  former  Soviet  analog  stations  for  explosions  at  Semipalatinsk  and  Novaya 
Zemlya.  The  results  of  this  research  are  presented  in  four  papers  that  have  been  submitt^ 
for  publication.  . 


Research  Accomplished: 

We  began  this  research  with  a  numerical  examination  of  different  processes  that 
excite  Lg  from  underground  explosions  (Xie  and  Lay,  1993a).  The  objective  of  this  work 
was  to  compare  the  lelative  efficiency  of  several  excitation  mechanisms  that  have  been 
reponeti  in  the  literature  over  the  past  few  years.  We  achieved  this  by  a  uniform  set  of 
simulations,  computed  at  near-in  to  re^onal  distances  using  a  finite-difference  algorithm. 
This  was  a  necessary  step  in  the  investigation  of  Lg  scaling  stability,  as  different  excitation 
mechanisms  may  be  associated  with  diferent  scaling  behavior.  For  example,  variations  in 
waveguide  heterogeneity  or  attenuation  on  different  paths,  or  variations  in  spall  effects  as  a 
function  of  yield  could  result  in  frequency  dependent  yield-scaling  behavior.  We 
introduced  a  new  procedure  that  greatly  assists  the  interpretation  of  numerical  regional 
distance  synthetics,  involving  internal  array  analysis  of  the  wavefield  at  depth  (Figures  1, 
2),  and  evaluation  of  the  associated  energy  fluxes  as  a  function  of  wave  slowness  and  time. 

For  purely  isotropic  explosions  in  crustal  structures  with  source  P  velocity  higher 
than  mantle  S  velocity,  Lhe  S*  non-geometcic  phase  plays  a  leading  role  in  Lg  excitation. 
For  lower  source  velocities,  where  the  source  P  velocity  is  less  than  the  mantle  S  velocity, 
the  pS  converted  phase  is  the  predominant  source  of  Lg,  as  it  becomes  stronger  than  S*. 
Scattering  heterogeneity  can  progressively  convert  P  energy  into  S  energy  for  all  stractures, 
leading  to  enrich^  Lg  signals,  but  tlie  most  efficient  way  of  generating  Lg  L  through  direct 
S  wave  generation  at  the  explosion  source,  since  a  broader  range  of  slownesses  can  be 
trapped  in  the  waveguide.  Spall  and  source  asymmetry  are  the  most  likely  processes  that 
generate  significant  S  wave  energy  near  the  source  which  can  then  contribute  to  the  Lg 
signal. 

The  suites  of  synthetic  seismograms  computed  in  the  Lg  excitation  study  have  been 
used  to  examine  possible  path  effects  that  may  explain  the  range  of  RMS  Lg  yield-scaling 
(Xie  and  Lay,  1993b).  Clearly,  what  is  required  for  this  behavior  is  a  sensitivity  to  the 
spectral  structure  of  the  Lg  signals,  allowing  magnitude  dependence  of  the  RMS 
observations  to  appear  for  data  with  different  bandwidth.  While  localized  site  factors  for 
Lg  may  play  some  role,  it  is  most  likely  that  overall  interaction  of  propagation  and  source 
effects  is  responsible  for  variable  yield-scaling.  Lg  synthetics  with  MueUer-Murphy  source 
functions  display  comer  frequency  shifts  that  lead  to  frequency-dependent  yield-scaling 
coefficients.  Variable  attenuation  and  or  elastic  struemre  path  effects  can  enhance  or 
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Figure  1.  Cartoon  showing  the  geodietry  of  the  finite-difference  simulations.  Several  sets  of  receivers  are 
placed  on  the  free  surface  and  inside  the  media  for  different  purposes.  The  free  surface  receivers  are  used 
to  record  conventional  synthetic  profiles.  Vertical  receiver  arrays,  each  of  them  composed  of  a  5  x  5  grid  of 
receivers  are  used  to  monitor  the  energy  flux  inside  the  medium.  An  additional  reference  array  is  placed  in 
the  upper  mantle  with  a  source  distance  of  100  Icm  and  a  take-off  angle  of  30  degrees. 


Figure  2.  Exanple  of  the  slowness  domain  display.  The  horizontal  and  vertical  axes  are  horizontal  and  vertical 
slownesses;  circles  are  P-  and  S-uave  slownesses  l/V^  and  1/V,  near  the  receiver  array,  respjec lively;  vertical 
line  on  the  right  side  of  the  slowness  domain  is  the  horizontal  slowness  equivalent  to  the  upper  mantle  S-wave 
velocity,  1/Vs„*«.,  ^ 
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suppress  the  frequency  dependence.  Elastic  structure  effects  ass(x:iated  with  differences  in 
waveguide  structure  can  produce  mild  frequency  dependence,  but  attenuation  has  a  stronger 
effect.  Broadband  Lg  observations  at  larger  distances  tend  to  be  more  bandlimited  by 
anenuation  and  thus  have  steeper  yield-scaling  slopes. 

This  interaction  of  source  scaling  and  path  attenuation  is  essentially  the  same  effect 
as  observed  for  mb  yield-scaling  for  high  and  low  t*  paths,  with  more  strongly  attenuated 
signals  having  higher  mb-yield  slopes.  Analysis  of  digital  recordings  of  Semipalatinsk 
explosions  at  regional  distances  shows  that  more  strongly  attenuated  Lg  signals  do  exhibit 
the  increase  in  scaling-slope,  when  broadband  data  are  available.  The  behavior  is  funher 
complicated  by  the  instrument  response  characteristics,  with  short-period  sensors  yielding 
more  variable  ElMS  Lg  yield-scaling.  The  path  dependence  can  be  suppressed  by  lowpass 
filtering  of  the  signals,  provided  broadband  data  with  adequate  signal  to  noise  are  available. 
Extraction  of  frequency-dependent  path  terms  by  factor  analysis  can  also  objectively 
suppress  path  effects. 

The  Lg  waveforms  in  the  JVE  exchange  data  set  have  fairly  stable  behavior,  but  the 
overall  shon-period  regional  waveforms  do  exhibit  complex  path  and  distance  variations. 
We  have  performed  an  observational  smdy  of  the  behavior  of  Lg,  Sn,  and  upper  mantle 
distance  P  phases  in  relation  with  surface  topographic  properties  along  the  corresponding 
paths  (Zhang  and  Lay,  1993a).  The  basic  objective  was  to  seek  any  relationships  between 
surface  measurements  and  the  overall  waveguide  characteristics  that  control  the  energy  flux 
and  firequcncy  content  of  the  regional  phases  used  in  small  explosion  discriminants  and 
yield  estimation.  To  our  surprise,  we  have  found  that  the  Sn/Lg  ratio  (using  RMS 
amplitude  measures  that  encompass  significant  scattered  wave  energy)  shows  a  strong 
correlation  with  simple  path  elevation  properties  for  Semipalatinsk  data  figure  3).  While 
this  has  wot  yet  been  quantitatively  modeled,  it  appears  that  surface  topography  does  indeed 
provide  a  means  of  characterizing  the  regional  phase  energy  flux  for  at  least  some  paths.  It 
is  likely  that  surface  topography  is  correlated  with  both  variable  attenuation  and  scattering 
properties  that  partition  the  overall  wavefield  energy. 

We  have  also  conducted  an  analysis  of  the  effects  of  propagation  across  continental 
margins  on  the  partitioning  of  energy  in  the  short-period  rcgiond  wavefield  (Zhang  and 
Lay,  1993b).  The  data  used  were  Eurasian  recordings  of  nuclear  tests  at  Novaya  Zemlya, 
provided  as  part  of  the  JVE  data  exchange.  As  shown  in  Figure  3,  the  Sn/Lg  ratios  for 
these  events  do  not  show  the  same  sensitivity  as  the  Semipalatinsk  data  to  surface 
topography  along  the  entire  path.  We  examined  empirically  the  effects  of  various 
underwater  path  segment  characteristics  on  the  regional  signals  (Figure  4),  finding  that 
maximum  water  depth  along  the  path  appears  to  be  the  most  influential  with  regard  to  P/Lg 
and  Sn/Lg  energy  partitioning.  The  under-water  segment  appears  to  overwhelm  on-land 
propagation  effects.  This  is  likely  to  be  the  result  of  waveguide  disruption  associated  with 
necking  of  the  crust  along  the  continental  margin  (Figure  5).  The  systematic  relationship 
with  maximum  water  depth  again  provides  a  means  by  which  to  reduce  scatter  in  region^ 
discriminant  and  yield  estimation  procedures,  as  well  as  a  basis  for  numerical  modeling  to 
be  conducted  in  the  future. 


Conclusions  and  Recommendations: 

Lg  wave  propagation  in  Eurasia  is  influenced  by  path  properties,  but  we  have 
several  new  approaches  to  reducing  the  path  influence.  Variable  yield-scaling  for  different 
paths  appears  to  be  largely  a  bandwidth  controlled  phenomenon.  The  intrinsic  filtering 
characteristics  of  different  paths  and  instrument  responses  interact  with  source  spectrum 
scaling  to  cause  the  variable  yield-scaling.  Ensuring  a  uniform  frequency  content  of  the 
suite  of  signals  by  filtering  is  one  means  to  reduce  this  problem,  or  one  can  explicitly 
correct  for  frequency  dependent  variations  in  the  form  of  station  terms.  While  Lg  yield¬ 
scaling  is  relatively  stable  across  Eurasia,  there  is  complex  partitioning  of  the  overall  short- 
period  signal  energy,  which  produces  large  variations  in  P/Lg  and  SnA-g  amplimde  ratios 
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NOVAYA  ZEMLYA  SEMIPALATINSK 


Fig.  a  Empirical  relation  between  the  RMS  ampli»adc  ratio  of  SJL,  versus  along  path  topographic  roughness 
(vanance)  for  observauons  from  the  Scmipuiatinsk  source  region  (right)  and  the  Novaya  Zcmlya  source 
region  (left)-  The  strong  trend  on  the  right  was  first  reported  by  Zhang  and  Lay  (1993),  and  indicates  that 
ifTCgularitics  in  the  waveguide  structure  influence  the  regional  phase  energy  partitioning.  The  lack  of  a 
strong  trend  on  the  left  indicates  that  additional  factors,  presumably  associated  with  the  underwater  seg¬ 
ments  of  the  paths,  dominate  in  the  Novaya  Zcmlya  data. 
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Log(P0-5/Lg)  ^  ,  Log(P0-6/Lg) 


Rg.  .4.  Similar  to  Figure  12,  but  now  the  ratios  have  been  corrected  for  relative  path  roughness,  using 
the  continental  path  correlations  found  for  Scmipalaiinsk  data  by  Zhang  and  Lay  (1993). 
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Fig.  5  (a)  Map  of  the  adjacent  region  of  the  islands  of  Novaya  Zcnilya,  showing  two  lines  of  cross-section 
and  eight  paths,  (b)  NW-SE  cross-section,  labeled  A-B  in  (a),  across  the  southeastern  part  of  the  Barents 
Sea  basin  (after  Grambcrg,  1988).  (c)  NE-SW  cross-section  of  the  Kara  Sea  basin  (after  Bogolepov  ct  al, 
1990),  labeled  N-S  in  (a),  across  the  North-Kara  plate  and  South-Kara  synclinc. 
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for  different  paths.  A  preliminary  study  has  shown  that  surface  topography  characteristics 
are  strongly  associated  with  Sn/Lg  ratios,  probably  because  topography  reflects  waveguide 
attenuation  and  scattering  behavior.  It  may  prove  possible  to  reduce  scatter  in  regional 
discriminants  using  surface  topographic  characteristics,  if  such  relationships  prove  general. 
Similar  influences  on  Sn/Lg  ratios  are  found  for  bathymetric  features,  especially  maximum 
water  depth,  for  paths  with  underwater  segments.  Quantitative  modeling  of  these 
observations  may  yield  general  procedures  for  significantly  reducing  path  to  path  scatter  in 
regional  phase  ratios  used  in  discrimination  procedures. 
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Analysis  of  3D  Complex  Structure  and  Heterogeneity  Effects 
on  Formation  and  Propagation  of  Regional  Phases  in  Eurasia 

Thorne  Lay  and  Ru-Shan  Wu 
University  of  California,  Santa  Cruz 

Contract  No.  F49620-92-J-0461 
Objective 

This  proposal  is  directed  at  development  and  application  of  a  new  three-diMensional  wave  prop¬ 
agation  methodology  in  the  conte.\t  of  improving  our  understanding  of  regioncd  phase  propagation 
and  nuclear  test  monitoring  in  Eurasia.  .\  new  methodology,  involving  an  Elastic  Raleigh  Integral- 
Elastic  Born  Scattering  iterative  formalism  will  be  brought  to  bear  on  the  problem  of  accurately 
synthesizing  regional  phases  for  three-dimensional  earth  models  appropriate  for  the  wide  variety  of 
Eurasian  paths  of  interest.  A  large  data  set  of  Eurasian  recordings  for  nuclear  tests,  moderate  size 
earthquakes,  and  large  quarry  e.\plosions  is  being  analyzed  under  a  parallel  AFOSR-funded  effort. 
The  combined  theoretical  and  observational  effort  should  enhance  our  ability  to  e.xtract  quantita¬ 
tive  information  from  regional  phases,  and  to  place  regional  discrimination  and  yield-estimation 
applications  on  a  sound  physical  basis. 

Research  Accomplished: 


I.  Theory: 

A  breakthrough  has  been  achieved  in  developing  an  elastic  wave  forward  propagation  theor.v  (see 
Wu,  1993).  Some  substantial  progress  in  programming  this  theory  has  also  been  made.  The  theory 
and  method  are  the  extension  and  combination  of  Wu’s  recent  work  on  the  Elastic- Wave  Rayleigh 
Integral  (ERI)  (Wu,  1989a)  and  previous  work  on  Elastic- Wave  Born  Scattering  (EBS)  (Wu  and 
Aki  1985,  Wu  1989b).  The  new  theory  e.xtends  the  space-domain  formulations  of  both  ERI  and 
EBS  into  wavenumber -domain  formulations  and  combines  these  two  into  a  unified  procedure  which 
can  be  implemented  iteratively  to  propagate  elastic  waves.  For  different  accuracy  requirements, 
the  theory  offers  two  approximate  methods.  One  is  the  more  accurate  formulation  called  "thin- 
slab”  method,  which  uses  the  wide-angle  approximation  for  both  the  scattering  (interaction)  and 
propagation  processes  and  therefore  can  handle  large-angle  scattering  problem,  the  other  i.s  the 
Elastic  Comple.x-Screen  (ECS)  method,  v/hich  uses  the  wide-angle  appro.ximation  for  propagation, 
but  the  small-angle  approximation  for  scattering.  The  latter  method  (ECS)  uses  dual  domain 
implementation  (shuttling  between  the  space  and  wavenumber  domains  by  FFT)  and  is  much 
faster  than  the  thin-slab  method.  For  a  medium  size  3D  problem  (128  x  128  grid  in  the  transveise 
plane),  the  speed-up  factor  is  more  than  2  orders  of  magnitude. 

1.  Thin-slab  formulas:  The  geometry  of  the  formulation  is  schematically  shown  in  the  upper 
part  of  Fig.  1.  Assume  seismic  waves  propagate  from  left  to  right  along  the  x-direction.  Tlie  3D 
heterogeneous  medium  is  divided  into  thin  slabs  facing  the  propagation  direction.  The  one-way 
wave  propagation  through  the  whole  medium  can  be  calculated  by  an  iterative  procedure  which 
calculates  the  slab  effects  one  by  one.  The  total  field  at  the  right  face  of  the  thin-slab  is  calculated 
as  the  sum  of  the  primary  field  and  the  scattered  field  from  the  heterogeneities  within  the  thin-slab. 
the  primary  field  is  calculated  by  EP-L  and  the  scattered  field,  by  EBS.  The  fprmulation  is  valid 
for  wide-angle  scattering.  However,  the  numerical  operation  involves  matrix  multiplications  in  the 
wavenumber  domain.  This  formulation  is  computationally  extensive,  though  it  is  still  much  fa.ster 
than  the  elastic  finite  difference  method. 
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2.  Elastic  Complex-screen  method;  When  only  small-angle  scattering  is  considered,  the 
scattering  effect  of  a  thin-slab  can  be  approximately  equated  to  that  of  passing  through  a  screen. 
As  shown  in  the  lower  part  of  Fig.  1.  the  thin-slabs  are  squeezed  into  screens.  It  is  shown  that  the 
P-P  and  S-S  common-mode  scattering  can  be  repre.sented  by  pure  phase-screens,  but  the  P-S.  S-P 
or  S-S  cross-coupling  scattering  must  be  represented  by  complex  screens,  which  are  not  standard 
phase-screens.  Therefore,  the  method  is  called  comple.x-screen  (or  ’’generalized  phase-screen”) 
method. 


3-D  velocity  mode! 


Phase  screens 


Rgure  1.  Schematic  explanation  of  “thin  slab’  ukJ  ’phase-screen* 
method. 

II.  Programming  and  Numerical  tests; 

1.  2D  SH  problem;  In  order  to  test  the  theory  and  study  the  properties  of  phase-screen 
method  when  applied  to  regional  wave  propagation,  we  first  consider  the  simple  SH  problem.  In 
this  case,  we  need  only  to  program  the  scalar  phase-screen  method.  A  2D  scalar  phase-screen 
program  has  been  written  and  tested  for  different  cases.  Here  we  give  two  examples  of  numerical 
simulation  using  our  program  with  comparison  to  a  2D  finite  difference  code.  Fig.  2  shows  the 
simulation  for  a  model  of  multi-cylinders.  A  plane  wave  is  incident  from  the  bottom  of  the  model 
propagating  to  the  top.  We  see  that  for  up  to  30%  velocity  perturbations  the  results  of  our  code 
are  almost  identical  with  the  FD  method  except  for  the  receivers  near  the  edge  which  may  be 
caused  by  boundary  effects.  For  the  case  of  50%  perturbation,  the  agreement  of  the  early  part  of 
the  waveform  is  still  very  good.  The  second  example  is  given  in  Fig.  3  for  the  case  of  self-similar 
random  medium.  The  agreement  with  the  FD  results  is  good  for  up  to  10%  velocity  perturbations. 
These  tests  give  us  confidence  in  our  method  and  programs. 

2.  3D  Elastic  Complex-screen  Method;  At  present  we  are  developing  the  3D  ECS  computer 
code.  To  test  our  algorithm  for  the  complex  screen  method  and  to  compare  our  method  with  the 
vector  screen  formulation  of  FM91  (Fisk  and  McCartor,  1991),  we  present  in  this  paper  two  3D 
numerical  examples. 

(1).  The  case  of  only  P-velocity  perturbation;  The  first  example  is  the  case  in  which  only  the 
Lame  constant  A  is  perturbed.  In  this  case,  there  should  be  no  P-S  conversion,  as  correctly  predicted 
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by  this  theory  and  the  scattering  theory.  However,  from  FM91,  an  erroneous  P-S  conversion  would 
be  generated.  Our  theory  is  supported  by  3D  finite  difference  calculations.  The  e.vperimental 
geometry  is  shown  in  Fig.  4.  The  background  medium  has  P  wave  velocity  of  4.206  km/s,  S  wave 
velocity  of  2.664  km/s  and  density  of  2.14  glcrn^.  The  model  is  a  solid  sphere  with  10%  P  velocity 
perturbation  (a  fast  sphere)  and  no  S  velocity  or  density  perturbations.  The  radius  of  the  sphere 
is  7  km.  A  plane  P  wave  is  incident  on  the  sphere  along  the  ,v-a.xis  and  the  receiver  line  parallel 
with  z-axis  is  located  S  km  from  the  center  of  the  sphere  (see  Fig.  4).  There  are  25  receivers  on 
the  receiver  line  with  interval  of  0.5  km.  The  source  time  function  is  of  Kelly  type  with  center 
frequency  at  1.0  Hz.  In  Fig.  5  a  comparison  between  the  results  of  3D  FD  (finite  difference)  and 
the  ECS  (Elastic  Comple.x-Screen)  method  is  shown.  The  3D  FD  has  model  parameters  of  nx  = 
128,  ny  =  96,  nz  =  96,  dx  =  dy  =  dz  =  0.25  km,  nt  =  1500  and  dt  =  0.005  sec.  The  calculation 
is  performed  on  the  128  node  nCUBE  computer  at  the  Geophysical  Center  for  Parallel  Processing, 
part  of  the  Earth  Resources  Laboratory  of  MIT  by  C.B.  Peng.  The  CPU  time  for  this  example 
is  about  29  min.  Note  that  due  to  the  symmetry  of  the  problem,  only  one  quarter  of  the  model 
space  is  included  in  the  FD  calculation.  For  more  general  problems,  no  such  saving  of  time  can  be 
achieved.  The  complex  screen  calculation  is  performed  on  the  SUN  SPARC  station  2  computer  at 
the  Institute  of  Tectonics,  University  of  California,  Santa  Cruz.  For  this  example,  we  use  a  64  x  64 
grid  for  the  y-z  plane  and  variable  step  length  in  x  direction  (0.5  km  inside  the  sphere).  The  CPU 
time  is  less  than  30  min  on  the  SPARC  station  2.  In  Fig.  5,  the  distortion  of  the  incident  P  wave 
and  the  diffracted  P  waves  from  the  top  and  bottom  points  of  the  spheie  are  seen  clearly.  There 
are  no  converted  S  waves,  consistent  with  the  scattering  theory.  It  is  seen  also  that  the  complex 
screen  method  agree  well  with  the  finite  difference  calculation. 

(2).  The  case  of  only  S-velocity  perturbation:  In  this  case,  the  major  purpose  is  to  check 
the  P-S  converted  waves.  Since  for  the  FD  method  it  is  difficult  to  separate  P  and  S  waves,  we 
compare  our  results  with  an  exact  solution  for  a  solid  sphere  with  10%  S-velocity  perturbation. 
The  experimental  geometry  is  similar  to  Fig.  4,  but  with  different  parameters.  The  background 
medium  has  P  wave  velocity  of  6.0  km/s,  S  wave  %'elocity  of  3.5  km/s  and  density  of  2.7  glcni^. 
The  radius  of  the  sphere  is  I  km.  A  plane  P  wave  is  incident  on  the  sphere  along  the  x-axis  and 
the  receiver  line  is  parallel  with  the  z-axis,  located  2  km  from  the  center  of  the  sphere  (see  Fig. 
4).  There  are  24  receivers  on  the  receiver  line  with  interval  of  0.1  km.  The  central  frequency 
of  the  source  is  /o  =  lO.OHz.  the  exact  solution  is  calculated  using  the  eigenfunction  expansion 
series  (Korneev  and  Johnson  1J33)  by  V.  A.  Korneev  on  a  Sun-Solbourne  computer  at  the  Center 
for  Computational  Seismology,  Lawrence  Berkeley  Laboratory,  University  of  California,  Berkeley. 
Both  P  and  S  scattered  waves  should  be  generated  for  a  P  wave  incidence  in  this  case.  Here  we 
compare  only  the  P-S  converted  waves.  In  Fig.  6  the  comparison  of  x-  and  z-components  calculated 
by  exact  solution  and  by  ECS  is  given.  We  see  the  two  results  are  in  very  good  agreement.  The  first 
S  arrival  is  the  P-S  scattered  wave  produced  by  the  right  half  of  the  spherical  surface.  The  second 
and  third  arrivals  are  the  P-S-S  scattered  waves  produced  by  the  left  half  of  the  spherical  surface. 
We  see  that  not  only  the  direct  P-S  converted  waves  but  also  the  converted  P-S  head  waves  can  be 
modeled  correctly  by  the  complex  screen  method.  In  contrast,  there  will  be  no  scattered  waves  at 
all  from  the  formulation  of  FM91  in  this  special  case. 

Conclusions  and  Recommendations: 

Wide-angle  one-way  elastic  wave  propagation  irr  arbitrarily  heterogeneous  media  is  formulated 
using  the  elastic  Rayleigh  integral  and  elastic  Born  scattering  theory  in  both  space  domain  and 
wavenumber  domain.  The  wavenumber  domain  formulation  leads  to  a  conrpact  solution  to  the 
one-way  propagation  and  scattering  problems.  It  is  shown  that  for  wide-angle  scattering  the  scat¬ 
tering  effects  of  a  thin  slab  cannot  be  equated  to  passage  through  a  regular  phase-screen,  since  the 
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interaction  between  the  incident  wave  field  and  the  slab  is  not  local  in  both  the  space  domain  and 
the  wavenumber  domain.  We  call  this  more  generally  valid  formulation  the  "thin-slab''  formulation. 
After  applying  the  small-angle  approximation,  the  thin-slab  effect  degenerates  to  that  of  a  elastic 
complex-screen.  A  dual-domain  technique  using  FFT  is  developed  for  the  implementation  of  the 
elastic  complex  screen  method  with  much  faster  computation  speed,  by  2  to  3  orders  of  magnitude 
for  a  medium  size  3D  problems.  We  will  continue  our  programming  effort  for  the  3D  elastic  complex 
screen  method.  In  the  same  time  the  2D  SH  program  will  be  further  developed  and  adapted  for 
regional  wave  propagation  and  applied  to  the  simulation  of  Lg  and  Lg-coda  generation  in  complex 
crus.jl  structures.  The  results  will  be  compared  with  the  Eurasia  data  sets  for  nuclear  explosions. 
We  plan  to  solve  the  free  surface  and  Moho  boundary  problems  for  the  full  elastic  wave  complex 
screen  method  in  the  continuation  of  the  current  project. 
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OBJECTIVE 

The  framework  for  a  system  for  automatic  global  seismic  event  association  using 
generalized  beamforming  (GBF)  has  been  developed.  The  technique  forms  initial  events  by  a 
non-combinatoriai  method,  and  allows  the  exploitation  of  ail  observed  detection  data  (arrival 
time,  azimuth,  velocity,  amplitude,  period,  etc.)  but  does  not  require  any  parameter  except  time. 
By  design,  beamforming  enables  us  to  ignore  the  data  that  are  inconsistent  with  a  region  and  to 
focus  on  only  the  small  subset  of  the  data  that  correlate  with  a  potential  epicentral  region  in  terms 
of  the  observed  information  in  the  data,  and  what  is  known  a  priori  about  the  potential  epicentral 
region.  Using  GBF,  the  need  to  repeatedly  access  inconsistent  data  (the  majority  of  the  detection 
data)  is  eliminated.  All  possible  combinations  of  consistent  detections  are  necessarily  associated 
to  form  a  complete  set  of  iiutial  events  to  be  evaluated  systematically  and  automatic^y  for  their 
realness.  In  conjunction  with  applying  the  observed  parameters  for  consistency,  GBF  provides  a 
structure  for  appljong  knowledge  gained  from  experts  to  automatically  identify  false  or  erroneous 
events. 

Our  objectives  are  to  optimize  the  efficiency  and  accuracy  of  initial  event  formation  using 
generalized  beamforming,  to  exploit  all  available  detection  information,  to  define  a  framework  for 
using  knowledge  obtained  from  expert  seismic  data  analysts  to  process  the  initial  events,  and  most 
importantly  to  test  and  evaluate  the  technical  ability  of  the  procedure.  This  may  not  entirely 
eliminate  the  need  for  human  intervention,  but  will  significantly  reduce  the  time  required  by 
analysts. 


RESEARCH  ACCOMPLISHED 

Our  approach  to  the  global  automatic  association  problem  is  to  apply  the  generalized 
beamforming  technique  to  form  initial  events.  In  essence,  we  discretize  the  earth  into  a  finite  set 
of  potential  epicenters  and  procedurally  “beamform”  a  network  to  each  of  these  epicentral  regions 
employing  detection  parameters  such  as  azLiuth  and  slowness  in  addition  to  arrival  time.  Initial 
events  arc  examined  for  consistency  among  the  detection  set  {e.g.  variability  of  predominant 
period  and  magnitude),  and  individual  detections  within  an  event  are  evaluated  for  consistency 
with  the  epicentral  region  {e.g.  “expectedness”  of  detection  data  from  a  station.)  Inconsistent 
detections  are  eliminated  from  the  initial  events;  most  false  events  are  subsequently  disbanded 
due  to  sparseness  of  data.  Remaining  events  arc  evaluated  using  a  priori  knowledge  of  seismic 
characteristics  of  the  potential  epicentral  region  and  arc  rated  in  terms  of  quality  or  “rcalncss”  or 
are  disbanded. 

The  fundamentals  of  the  GBF  process  for  regional  event  association  are  discussed  by 
Ringdal  and  Kvaema  (1989),  and  the  details  of  the  GBF  procedure  for  aatomaiic  globd 
association  are  presented  by  Taylor  and  Leonard  (1992).  A  brief  review  of  the  GBF  process  to 
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form  initial  events  is  provided  here,  but  the  reader  is  referred  to  the  aforementioned  works  for 
details.  The  focus  of  this  paper  is  to  address  the  most  recent  research  accomplished  and  to  present 
examples  of  processing  results. 

The  globe  was  subdivided  into  equally  spaced  grid  points  each  corresponding  to  a 
potential  epicenter.  A  circular  epicentral  region  encompassing  each  potential  epicenter  is  defined 
with  a  five  degree  radius.  Each  epicentral  region  overlaps  with  every  adjacent  region  to  ensure 
complete  coverage  of  the  earth  as  shown  in  Figure  1.  Using  GBF  we  systematically  “beamform”  a 
network  to  each  of  these  predefined  epicentral  regions  and  process  the  beams  independently. 


Figure  1.  Subdivision  of  the  globe  into  equally  spaced  potential  epicentral  regions. 

A  key  factor  for  the  computational  efficiency  of  this  processing  scheme  is  that  grid  point 
locations  are  predetermined.  Much  of  the  station/grid  point  information  required  (such  as, 
distance,  azimuth,  travel  time,  velocity,  etc.)  is  comput^  before  processing  and  stored  in  a 
database  for  each  grid  point  to  be  accessed  directly  and  quickly.  Additionally,  information  that 
cannot  be  computed  have  been  acquired  fix>m  expert  analysts  and  stored  in  “knowledge  bases”  for 
individual  grid  points.  This  information  currently  includes  such  data  as  the  stations  that  are 
“expected”  to  detect  an  event  firom  a  given  grid  point  region,  and  will  include  the  historical 
seismicity  of  a  region,  typical  depths  of  events  in  the  region,  significant  geologic  features  (e.g., 
trenches,  etc.)  that  are  in  the  path  between  specific  stations  and  a  region,  and  any  other  knowledge 
about  a  region  an  analyst  may  have  gained  fix>m  experience. 

A  generalize  beam  is  formed  independently  for  each  grid  point  In  terms  of  association, 
travel  time  remains  the  key  discriminant  between  which  detections  can  possibly  be  associated  to 
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the  same  event  Accordingly,  a  superset  of  all  detections  that  can  form  all  possible  events  can  be 
constructed  based  on  arrival  dme.  Figure  2  schematically  illustrates  how  Jois  time  correlation,  or 
generalized  beamforming,  is  conducted  for  one  grid  point 

The  large  circle  in  Figure  2a  defines  the  epicentral  region  whose  center  is  the  grid  point 
shown  by  the  asterisk.  The  triangle  represents  a  station  where  a  detection  has  occurred  at  time 
DetTime.  If  the  observed  detection  at  the  station  is  caused  by  an  event  within  this  epicentral 
region,  then  the  origin  time  of  the  event  is  bounded  by 


and 


OTimei  =  DetTime  -  TTi  +  ej, 
OTime2  =  DetTime  -  TT2  -  62, 


where  ej  and  e2  represent  the  variability  in  arrival  time  due  to  random  errors,  source  effects  and 
path  effects.  These  two  origin  times  define  a  window  of  time  in  which  the  event  may  have 
occurred.  A  similar  time  window  applies  to  all  detections,  so  we  search  for  an  origin  time  that  is 
consistent  for  enough  stations  to  define  an  event.  In  practice,  azimuth  and  velocity  can  also  be 
used  as  an  effective  association  discriminant  with  generalized  beamfonning.  The  epicentral 
region  described  by  the  circle  defines  an  acceptable  azimuth  and  velocity  range  for  stations 
detecting  events  from  this  region. 

Figure  2b  shows  a  set  of  these  origin  time  windows  computed  from  six  sample  detections 
and  the  associated  generalized  beam.  The  dashed  line  represents  the  event  detection  threshold. 
When  the  number  of  detections  with  overlapping  origin  times  meets  this  threshold,  an  initiaT  or 
preliminary  event  (PE)  is  declared. 


Oeiecting  station  Potential  Epicenter 


Earliest  possible  origin  time; 
0T2  •  DetTime  -  TT^ 

Latest  possible  origin  time. 
OT,  •  DetTime -TT, 


Station  I 
Station  2 
Station  3 
Station  4 
Station  S 
Station  6 


Event  lormatlon 
thresnold 

Orig’n  Time 

(b) 

Figure  2.  Fonnatiou  of  the  generalized  beam  for  a  single  potential  epicentral  region. 
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Figure  3  displays  a  typical  generalized  beam  for  a  grid  point  region  with  a  radius  of  five 
degrees.  The  beam  is  formed  from  three  hours  of  actual  detection  data.  The  event  detection 
threshold  is  set  to  4,  meaning  that  at  least  four  detections  must  correlate  in  time,  azimuth  and 
velocity  before  a  PE  is  declared.  Notice  that  there  are  24  preliminary  events  declared  for  these 
data.  Because  a  PE  may  have  an  long  time  duration,  we  subdivide  each  PE  into  equal  time 
intervals  of  less  than  five  seconds.  All  combinations  of  detections  within  that  time  interv'al  are 
formed  to  define  the  initial  events  that  will  receive  further  analysis. 


Figure  3.  Generalized  beam  for  a  potential  epkentral  region  of  five  degrees. 

Automatic  detectors  frequently  record  multiple  detections  for  an  actual  arrival.  The  result 
may  be  many  instances  of  an  event  with  slightly  different  combinations  of  detections.  Resolving 
the  conflicts  for  detections  between  events  within  a  grid  point  region  to  identify  real  events  and 
eliminate  false  events  requires  careful  consideration.  Implementing  the  evaluation  process  that  a 
seismic  data  analyst  uses  to  resolve  these  conflicts  when  manually  associating  events  effectively 
resolves  the  conflicts  automatically. 

Many  of  the  conflicts  among  events  within  a  grid  point  are  resolved  by  evaluating  the 
consistency  of  the  detections  uith  respect  to  observed  slowness,  observed  amplitude  and  the 
predominant  period,  then  using  tlie  HYPO  location  algorithm  iteratively,  eliminating  those 
detections  that  have  inconsistent  travel  time  residuals.  If  the  number  of  detections  in  the  event 
falls  below  the  event  detection  threshold,  the  event  is  disbanded.  Next  an  overall  quality  rating  is 
assigned  to  each  remaining  initial  event  based  on  tlie  following  factors:  1)  the  number  of 
detections  defining  the  event,  2)  the  timing  of  detections  from  the  same  station,  3)  the  root  mean 
square  (rms)  residual  of  the  detection  set,  4)  the  “competing”  residuals  from  stations  grouped  by 
proximity,  and  5)  the  relative  “expectedness”  rating  of  the  combination  of  st-tions  defining  the 
event  The  detections  in  the  highest  quality  initial  event  are  removed  from  the  other  conflicting 
initial  events.  The  conflicting  lower  quality  events  are  usually  disbanded  due  to  sparsenejs  of 
data,  or  identified  as  having  a  low  quality  rating. 

Eveiy  grid  point  region  is  processed  independently.  The  result  is  a  set  of  initial  events 
located  world-wide.  Another  type  of  conflict  arises  when  events  from  separate  (typically  adjacent) 
grid  point  regions  compete  for  detections.  These  between  grid  point  conflicts  must  also  be 
resolved.  The  problem  here  lies  in  determining  to  which  event  a  detection  is  most  strongly 
correlated.  To  resolve  these  conflicts,  we  remove  the  detection  from  each  initial  event  that 
includes  the  detection  and  relocate  the  event  We  normalize  the  effect  of  this  detection  by 
computing  the  ratio  of  the  travel  time  residual  of  the  detection  in  question  to  the  standard 
deviation  of  the  travel  time  re.siduals  remaining  in  the  event  for  each  event  The  event  that  has  the 
lowest  ratio  “wins”  the  detection.  This  detection  is  then  disassociated  from  the  other  events,  thus 
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resolving  the  conflict  As  detections  arc  removed  from  events,  many  arc  disbanded  due  to 
sparseness  of  data.  Tnis  processing  may  result  in  events  with  identical  detection  sets,  as  well  as 
events  with  detection  sets  that  are  subsets  of  another  event  The  redundant  and  subset  events  are 
disbanded. 

Association  of  later  phases  is  the  subsequent  step  in  the  process.  From  the  origin  time  and 
location  of  the  events  formed  with  initial  phases,  we  predict  at  what  time  a  later  phase  should 
arrive,  and  from  generalized  beamforming,  we  know  which  detections  are  consistent  with  the 
region  in  which  the  event  is  located.  Correlating  this  information,  we  search  a  small  set  of 
detections  for  one  that  meets  the  criteria  of  each  feasible  later  phase  for  every  station.  Consistent 
later  phases  are  then  associated  to  the  event. 

The  preceding  steps  3deld  the  event  bulletin  produced  in  the  current  stage  of  the  research, 
that  will  be  dscussed  in  later  paragraphs.  During  the  final  stages  of  the  processing,  events  must  be 
evaluated  to  determine  whether  they  represent  real  seismic  events  or  whether  they  are  just  random 
correlations  of  data  producing  a  false  event  Evaluation  factors  and  criteria  that  are  applied  to  the 
conflict  resolution  problem  may  be  applied  here.  The  quality  of  fit  of  the  data  to  the  grid  point 
information  is  the  primary  decision-making  tool 

The  final  system  output  includes  an  appraisal  of  the  results.  The  firamework  provided  by 
generalized  beamforming  is  a  vehicle  for  storing  and  applying  site-specific  information.  This  final 
apptaisal  process  can  include  such  advice  to  the  analyst  as  which  additional  stations  are  exp^mol 
given  the  grid  point  location  and  magnitude,  which  detections  are  only  marginally  consistent  with 
the  event,  whether  events  have  historically  occurred  at  the  location,  or  any  other  phenomena 
based  on  historical  observations.  In  addition,  an  overall  determination  of  the  quality,  or 
confidence,  in  the  event  can  be  reported. 

Discussion  of  Current  Results, 

Two  data  sets,  each  containing  22  hours  of  actual,  automatically  determined  detection 
records  provide  the  test  data  for  this  study.  The  data  are  firom  an  active  fifteen  station  global 
seismic  network  comprised  of  ten  array  sites  and  five  single  element  stations.  The  detection 
records  produced  from  the  array  sites  are  derived  from  the  beamed  digital  waveform  of  the  array 
elements.  All  data  arc  short  period  and  vertical  component  Each  detection  record  contains 
information  such  as  the  station  identifier,  arrival  time,  observed  azimuth  (for  array  sites)  and 
uncertainty,  observed  velocity  (for  array  sites)  and  uncertainty,  observed  distance  (for  array  sites), 
amplitude,  period,  ground  motion,  and  signal-to-noise  ratio. 

Both  test  data  files  are  subsets  of  much  larger  data  sets  that  include  detection  data  for 
many  additional  stations.  The  supersets  of  data  have  been  processed  by  a  current  method  of 
“automatic”  association.  The  existing  association  method  entails  processing  the  automatically 
detected  data  using  a  combinatorial  technique  to  produce  a  preliminary  seismicity  bulletin.  A 
seismic  data  analyst  uses  this  bulletin  as  a  starting  point  for  manual  analysis.  Each  event  is 
scrutinized,  the  onset  times  are  corrected,  new  detections  are  identified  and  erroneous  detections 
eliminated.  Real  events  formed  automatically  are  refined,  the  events  missed  by  the  automatic 
process  are  manually  associated  and  the  erroneous  events  automatically  formed  are  deleted  by  the 
analysts.  Finally,  additional  phases  are  associated,  and  a  final  event  bulletin  is  produced.  These 
extensive  and  time-consuming  analyses  are  performed  manually,  by  analysts  using  detection  data 
as  well  as  graphical,  raw  waveform  data.  The  manual  analysis  of  the  automatic  results  are  a 
routine  part  of  the  current  “automatic”  seismic  association  process. 
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Because  they  have  been  reviewed  and  corrected  by  human  seismic  data  analysts  with  the 
benefit  of  using  the  waveform  data,  the  final  event  bulletins  produced  by  the  current  procedure  for 
these  two  data  .sets  serve  as  fairly  reliable  baselines  for  testing  the  global  GBF  automatic 
associator.  At  least  initially,  we  assume  tliat  the  events  presented  by  the  analyst-reviewed  bulletin 
are  real  and  the  set  of  events  is  complete,  Le.  no  real  events  remain  unassociated.  A  comparison 
was  made  between  the  bulletin  produced  by  current  technology  and  reviewed  by  the  analyst  and 
tlie  bulletin  produced  entirely  automatically,  without  human  intervention,  by  the  GBF  associator. 
For  clarity,  a  distinction  is  made  between  the  two  bulletins:  the  ARB  bulletin  refers  to  the  analyst 
reviewed  baseline  bulletin,  and  the  GBF  bulletin  refers  to  the  bulletin  produced  by  using  the 
generalized  beamforming  method. 

The  GBF  associator  is  currently  constrained  to  declare  an  event  when  four  or  more 
detections  correlate  to  define  the  event  Fewer  than  four  initial  arrivals  reduce  the  confidence  in 
the  validity  of  events,  therefore  these  correlations  are  not  considered.  The  system  can  be  fine- 
tuned  to  declare  events  with  a  single  station,  as  well  as  two  and  three  station  events. 

For  the  purposes  of  this  comparison,  64  grid  point  region  each  with  a  radius  of  five 
degrees  are  processed.  The  grid  point  regions  were  selected  so  that  all  of  the  events  in  both  data 
sets  are  located  (according  to  the  ARB  bulletin)  within  one  or  more  of  these  grid  point  regions.  In 
other  words,  because  we  assume  that  each  grid  point  is  a  potential  epicentral  region,  we  are 
assured  that  the  real  events  identified  in  the  ARB  bulletin  are  within  these  regions,  and  the  system 
will  be  tested  to  determine  if  it  automatically  associates  these  events.  In  practice,  all  763  grid 
points  will  be  processed  so  the  entire  earth  is  represented;  however,  because  we  know  the 
locations  of  the  events,  we  can  use  this  subset  of  grid  point  regions.  Prior  to  processing,  the  grid 
point  databases  and  the  knowledge  files  have  been  aeated  for  each  grid  point 

Table  1  summarizes  the  results  for  the  events  associated  with  the  first  test  dataset,  by 
comparing  tlie  number  of  events  formed  according  to  the  ARB  bulletin  with  those  formed 
completely  automatically  by  the  GBF  associator.  The  left-most  column  identifies  the  bulletins 
produced  by  the  two  association  processes.  The  second  column  tallies  the  total  number  of  events 
formed  by  the  respective  processes.  Column  3  indicates  the  number  of  events  formed  by  the  two 


TABLE  1.. 


Data  Set#l 

Total  events  formed 

Events  >=  4  test  data 
stations 

Difference 

ARB  bulletin  (+  analyst) 

35 

32 

3 

GBF  bulletin  (no  analyst) 

40 

27 

13 

processes  with  four  or  more  stations  from  the  netwo±  providing  the  test  data  set,  and  the  last 
column  shows  the  differences  in  the  results  of  the  middle  two  columns.  A  discussion  of  these 
results  follows. 

All  but  three  of  the  35  events  reported  by  the  ARB  bulletin  are  comprised  of  at  least  four 
stations  that  are  represented  in  network  producing  our  test  data.  However,  some  of  the  detections 
may  have  been  manually  generated  by  the  analyst  and  will  not  be  present  in  the  automatically 
detected  dataset  and  thus  not  available  to  the  GBF  automatic  associator.  Although  there  are  four 
or  more  detections  sho\.'n  in  the  ARB  bulletin,  four  detections  may  not  be  available  to  the 
automatic  software  and  an  event  cannot  be  declared.  This  happened  in  five  of  the  32  cases.  This 
accounts  for  the  five  event  difference  between  the  rows  of  the  third  column  of  Table  1.  In  this 
dataset  there  are  27  events  that  can  possibly  be  formed  automatically  o  match  the  ARB  bulletin  - 
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the  results  show  that  we  have  formed  ail  of  them  entirely  automatically.  Three  events  reported  in 
the  ARB  bulletin  are  built  with  fewer  than  four  stations.  These  three  are  accounted  for  in  the  top 
row  of  the  right-most  column.  Forty  events  were  reported  in  the  GBF  bulletin.  Twenty-seven  of 
these  match  the  27  events  with  detections  for  four  or  more  of  the  test  stations  reported  in  the  ARB 
bulletin.  Thirteen  additional  events  were  formed  automatically  that  are  not  present  in  the  ARB 
bulletin.  Table  2  illustrates  the  results  for  the  second  test  dataset  The  explanation  of  the  results 
shown  in  this  table  are  identical  to  those  for  Table  1. 


TABLE  2. 


Events  >=  4  test  data 

Data  Set  #2 

Total  events  formed 

stations 

Difference 

ARB  bulletin  (+  analyst) 

25 

17 

8 

GBF  bulletin  (no  analyst) 

21 

12 

9 

Upon  initial  inspection  of  these  tables,  the  number  of  extra  events  for  the  GBF  bulletin 
may  seem  to  be  cause  for  concern.  A  cursory  manual  examination  has  shown  that  these  extra 
events  are  small  regional  events;  or  typically  have  four  or  five  detections,  arc  of  questionable 
quality,  and  are  most  probably  random  correlations  of  detection  data.  The  process  of  the 
automatic  evaluation  of  such  events  is  in  progress. 

The  results  of  this  knowledge  based  approach  to  automatic  global  seismic  event 
association  using  the  generaliaed  beamforming  methodology  arc  encouraging.  Even  with  the 
extreme  limitations  that  are  placed  on  the  automatic  system  by  the  small  number  of  stations  in  the 
network,  the  inaccuracies  of  detection  onset  times,  the  abundance  of  false  detections,  and  the 
absence  of  many  real  detections,  the  process  associated  all  possible  four-station  events  from  our 
test  datasets  without  the  need  for  human  intervention.  Further  tuning  will  be  required  to  minimize 
the  number  of  extra  events  associated  automatically. 

Wfith  regard  to  later  phase  association,  the  processing  results  are  equally  as  encouraging. 
Reliable  later  phases  are  automatically  associated  to  the  events  formed.  Further  research  is 
required  to  account  for  the  characteristics  and  properties  of  later  phases  and  includes  an  analysis 
of  the  validity  of  later  phases  associated  in  the  ARB  bulletin. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  results  indicate  the  processing  framework  of  generalized  beamforming  can  be  effec¬ 
tively  utilized  as  a  means  of  p«^orming  global  teleseiscoic  automatic  association.  The  approach 
successfully  forms  all  possible  initial  events  and  provides  an  excellent  vehicle  for  exploiting 
observed  detection  information  and  applying  expert  knowledge. 

Future  work  will  continue  to  expand  upon  the  established  procedures  for  properly  auto¬ 
matically  associating  later  phases  to  the  events  identified  with  defiiiing  phases.  Ev^uation  of  the 
events  for  the  purpose  of  eliminating  erroneously  associated  events  and  for  generating  an 
appraisal  of  the  events  will  also  be  addressed. 

The  potential  for  expansion  and  improvement  of  the  system  is  vast  As  knowledge  grows 
the  system’s  performance  will  improve.  Fu^cimore,  the  GBF  framework  lends  itself  well  to  par¬ 
allel  processing  to  significantly  reduce  the  computational  intensity  of  the  association  task. 
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1  Objectives 

During  the  spring  of  1991  a  broadband  array  of  twenty-eight  three  components  sensors 
with  apertures  varying  between  100  meters  to  6  kilometers,  was  set  up.  This  small 
aperture  array  henceforth  referred  to  as  SAA2,  operated  neax  Pihon  Flat  Observatory 
(center  at  33.6065®,  -116.4531®  latitude,  longitude)  in  Southern  California.  By  making 
use  of  the  different  apertures  and  frequencies,  chciracterization  of  scattering  at  different 
scale  lengths  is  possible.  This  leads  us  to  a  better  constrained  three  dimensional  velocity 
model  of  the  area. 

During  the  experiment  period  local,  regioncil  and  teleseismic  events  were  recorded. 
The  fooM  of  the  present  work  is  on  the  local  events  (less  than  100  km  away).  Polarization 
analyses  on  an  earlier  high  frequency  data  set  recorded  in  the  same  area  (Hanson  et  al,, 
1993)  have  shown  that  some  of  the  high  frequency  effects  noted  could  be  due  to  a  thin 
superficial  weathered  layer  of  some  tens  of  meters.  We  wish  to  show  that  other  coherent 
featmres  can  be  detected  within  both  the  P  and  S  coda  wavetrains  which  correspond  to 
known  features  (Fuis  et  al.  1984). 


2  Research  accomplished 

The  experiment  involved  the  deployment  of  28  three  component  sensors,  in  five  concentric 
rings.  The  sampling  was  performed  at  100  samples  per  second  cind  the  frequency 


bandwidth  is  between  0.0083  to  40  Hz  (cut-ofF  filter).  Prelimiaciry  spectral  cinalysis  has 
shown  that  most  of  the  coherent  energy  is  concentrated  below  15  Hz. 

The  local  events  are  more  or  less  clustered  with  3  dominant  regions  of  activity.  A 
majority  of  these  are  located  along  the  San  Jacinto  Fault  zone  with  a  cluster  on  Toro 
peak.  This  also  coincides  with  the  event  locations  of  the  1990  small  aperture  eirray 
experiment  (SAAl).  These  events  are  within  20  km  of  the  recording  array  eind  exhibit 
high  frequency  chciracteristics.  They  are  at  depths  ranging  from  5  to  15  km.  Most  are 
within  the  trifurcation  of  the  San  Jacinto  Fault  zone. 

Other  events  of  interest  to  this  study  originate  in  two  principal  directions.  The  first 
is  N300®E  to  N340®E  and  the  second  is  N25®E  to  N45®E.  The  former  are  located  on 
geological  structures  in  continuation  with  those  around  Pinon  Flat.  The  second  series  on 
the  other  hand  is  on  the  northern  side  of  the  San  Andreas  Fault  zone  and  the  propagation 
paths  will  thus  reflect  the  characteristics  of  the  Coachella  Valley,  which  is  made  up  of 
extensive  marine  and  non-marine  deposits  (Calzia,  1988,  Sharp  1979,  Wright,  1946). 

We  shall  consider  here,  the  early  P  and  S  coda  since  the  later  coda  is  strongly  affected 
by  overlapping  multiples  and  hence  separation  of  different  wavefronts  is  rendered  difficult. 
All  events  have  been  located  using  either  the  Anza  or  Caltech  network.  Event  magnitudes, 
locations,  depths  and  origin  time  were  provided  by  J.  Scott,  and  where  possible  (Scott, 
1992)  a  three  dimensional  velocity  model  was  used  in  the  determinations. 


2.1  Method  and  data  processing 

We  have  noted  that  most  of  the  data  have  frequencies  below  15  Hz.  Further  analysis  in 
various  frequency  bandwidths  shows  that  energy  packets  may  be  optimally  retrieved  by 
filtering  in  the  4  to  6  Hz  band.  This  removes  the  effects  of  the  near  surface  weathered 
layer  scattering  ajid  smoothes  high  frequency  effects  due  to  smeJl-scale  perturbations. 

After  filtering  the  data,  separate  wave  packets  are  clearly  identifiable.  An  attempt  at 
associating  these  energetic  arrivals  to  distinct  reflectors  is  made.  To  do  this  the  method¬ 
ology  developped  by  Hedlin  et  al.,  (1991)  is  applied  in  a  particular  case  of  the  three 
dimensional  approctch.  We  consider  that  the  velocity  from  the  source  to  the  reflector  is 
identical  to  the  reflecting  velocity  which  means  that  we  do  not  consider  phase  conversions. 
The  method  is  based  on  the  summation  of  probability  ellipsoids  whereby  the  three  dimen¬ 
sioned  solution  curve  for  the  position  of  a  reflector  given  a  time  delay  of  the  reflected  phase 
and  a  propagation  velocity  as  well  as  the  receiver  position  is  an  ellipsoid.  One  of  the  foci 
is  positioned  on  the  source  while  the  second  focus  is  at  the  center  of  the  receiver  array. 
The  major  cixis  of  the  ellipsoid  is  aligned  along  the  azimuth  as  shown  in  Figure  1.  In  order 
to  constrain  the  solution,  additional  information  is  provided  by  the  three  compoments. 

All  three  components  are  used  simultaneously  so  information  may  be  sepcirated  be¬ 
tween  the  vertical  and  the  radial  components.  This  can  then  provide  incidence  angles 
directly  for  a  given  wavefront  by  plotting  the  particle  motion  plots.  It  is  done  for  both 
the  P  and  S  waves.  By  combining  the  incidence  angle  and  the  azimuth,  the  most  probable 
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Figure  1:  The  probability  ellipsoid  given  a  delay  travel  time  and  cin  incident 
velocity  and  a  reflecting  velocity.  Here  they  are  identical  suggesting  that  no 
conversion  is  occuring.  The  foci  of  the  ellipsoid  are  one  at  the  source  and  the 
other  at  the  receiving  array. 

position  on  the  ellipsoids  is  constrained.  Numerous  local  events  have  been  selected  and 
phases  picked.  The  ellipsoids  are  computed  and  summed.  Let  us  state  here  that  the  pro¬ 
cessing  depends  on  an  adequate  pick  of  both  the  P  and  S  wavefronts.  Although  this  is  a 
relatively  simple  procedure  for  direct  arrivals  it  is  much  less  so  for  the  coda  wave  packets 
which  further  emphasizes  the  absolute  requirement  of  three-component  processing. 

Figure  2  shows  such  an  example  where  for  different  events  we  have  selected  a  strong 
secondary  P  arrival  and  have  assumed  that  this  arrival  corresponds  to  the  srune  reflector 
on  all  selected  events.  The  horizontal  projections  of  the  ellipsoids  are  shown.  The  most 
probable  location  for  a  reflector  is  close  to  the  array.  Clearly  this  is  biased  since  all 
ellipsoids  have  that  point  in  common  (given  as  the  position  0  0).  Nonetheless,  the  entire 
region  sxirroimding  the  array  has  a  high  probability  and  not  a  single  point  which  suggests 
that  a  strong  velocity  contrast  does  indeed  exist  at  depth. 

In  order  to  verify  the  validity  of  the  previous  assumption,  the  data  is  then  submitted 
to  additional  processing.  In  particxilax,  a  standard  broadband  f-k  analysis  is  performed. 
Indications  on  the  azimuth  of  arrival  and  incidence  are  thus  obtained.  This  allows  us  to 
determine  where  the  reflection  took  place,  amd  how  the  ray  paths  have  been  affected  by 
the  substructure.  The  f-k  analysis  requires  that  the  signal  be  recorded  on  a  good  number 
of  sensors  and  time  windows  must  be  selected  rather  precisely  to  avoid  a  smearing  of  the 
information.  We  therefore  chose  to  select  the  time  windows  on  a  stacked  signal  which 
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Figure  2:  By  plotting  the  probability  ellipsoids  of  loccJ  events  for  selected  sec¬ 
ondary  arrivals,  it  appeaurs  in  this  horizontal  projection  that  the  most  probable 
location  occurs  close  to  the  receiving  array  indicating  a  near  scatterer. 

gives  a  representation  of  the  entire  array  response.  The  data  are  filtered  in  the  4-6  Hz 
frequency  band  and  may  be  compared  directly.  Removal  of  the  beam  might  have  simplified 
the  analysis  but  was  not  applied  here. 

Figure  3  is  an  example  of  such  processing  for  an  event  located  83  kilometers  from 
the  array.  The  two  f-k  windows  presented  indicate  that  although  the  direct  arrival  hM 
a  N36°E  backazimuth,  the  second  wave  packet  is  approximately  N15°E  and  the  raypath 
is  clearly  more  vertically  incident  than  the  direct  raypath.  This  would  indicate  that  the 
reflection  took  place  close  to  the  axray  but  not  on  the  direct  raypath. 

This  method  is  applied  on  the  entire  suit  of  events  considered.  The  azimuth  and 
incidence  angles  of  the  later  phases  may  be  compared  to  those  of  the  direct  arrivals.  This 
helps  in  determining  a  plcine  or  planes  of  reflections.  In  this  region  and  with  this  analysis, 
evidence  for  dipping  planes  exists.  This  is  seen  when  considering  various  source  depths 
for  similcir  backazimuths.  According  to  the  source  depth  and  given  a  number  of  existing 
models  for  the  region  (Kanaimori  and  Hadley,  1975,  Vernon,  l989)  then  the  only  way  to 
explain  why  the  reflections  vairy  in  aizimuth  for  events  which  have  a  common  backazimuth 
is  to  include  dipping  planes.  Images  previously  obtained  with  the  ellipsoid  rammation 
techniques  projected  on  vertical  planes  had  already  favored  this  hypothesis. 

By  using  events  at  different  aizimuths,  distainces  and  depths  we  obtaiin  a  good  saimpling 
of  the  structures  beneath  the  surface  auid  we  note  that  two  separate  reflectors  seem  to 
be  responsible  for  the  major  part  of  the  ecirly  coda.  The  first  part  of  the  coda  reflects 
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Figure  3:  The  top  image  is  the  stack  treice  resulting  from  beamforming  the 
signal  at  the  center  of  the  array.  The  event  is  located  83  kilometers  away 
at  a  bjickazimuth  of  N36®E  and  a  depth  of  6.37  km.  The  bottom  two 
images  are  plots  from  f  —  k  analyses  for  two  different  time  windows.  It  is 
clear  that  the  later  cirrival  has  a  more  vertically  incident  raypath  as  well  as  a 
different  azimuth  indicating  a  near  receiver  reflection. 
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from  an  interface  with  a  low  angle  dip.  The  later  part  of  the  coda  is  associated  to  a 
deeper  reflector,  at  15  km  in  depth.  It  is  difficult  to  ascertain  that  this  reflector  dips 
although  some  evidence  exists  for  a  Northwest-Southeast  strike.  This  corresponds  well 
to  noted  pzJeo-boundaries. 

The  first  shallow  interface  can  be  assimilated  to  a  lov/  angle  contact  between  intrusive 
plutonic  rocks  and  the  metasedimentary  basement.  This  contact  may  be  intricately  linked 
to  the  low  angle  thrust  faults  dating  to  mid  to  late  Cretaceous  bounding  the  Mylonitic 
belt  to  which  Sharp  (1979)  and  Erskine  (1985)  refer  to. 

The  second  interface  is  mentioned  by  other  authors,  (Kanamori  and  Hadley,  1975). 

They  take  into  account  a  velocity  transition  that  would  occur  between  10  to  20  km 
at  depth.  Vernon  (1989)  and  Scott  (1992)  also  mention  the  probable  existence  of  this 
velocity  contrast.  Note  that  this  contrast  corresponds  to  the  transition  between  the 
metasedimentary  basement  and  the  diabase-gabbro  sub-basement  (Fuis  et  al,  1984). 

Although  active  faults  in  the  region  are  nearly  vertical  (Sanders  and  Kamaunori  1984), 
traces  of  pcJeo-faults  on  the  other  hand  exhibit  a  slight  dip  as  observed  here, 

3  Conclusions  and  recommendations 

The  data  set  under  study  provided  us  with  a  range  of  information.  We  chose  to  exploit 
the  information  found  in  the  4  to  6  Hz  frequency  bandwith  which  helped  us  in  associating 
particular  wave  packets  to  known  or  putative  structures.  We  can  confirm  the  existing  dip 
of  paleo-thrust  faults  at  depth  as  well  as  their  importance.  Finite  difference  modelling 
has  been  pursued  in  a  two-dimensional  approach  and  will  be  the  topic  of  a  paper  in 
preparation  (Magnier  and  Donze  1993).  A  three  dimensional  model  will  be  necessary  to 
fully  appreciate  the  importance  of  the  paleo-faults  and  their  impact  on  this  area. 


References 

[1]  Calzia,  J.  P.,  1988,  Mineral  resources  and  resource  potential  map  of  the  Pyramid 
Peah  roadless  area,  riverside  county,  California,  USGS,  MIsceJJaneoas  Field  Studies, 
MF-1999. 

[2]  Erskine,  B.  G.,  1985,  Mylonitic  deformation  and  associated  low-angle  faulting  in  the 
Santa  Rosa  Mylonite  zone.  Southern  California,  Pb.D  Thesis,  University  of  California, 
Berkeley. 

[3]  Fuis,  G.  S.,  W.  D.,  Mooney,  J.  H.,  Healy,  G.  A.,  McMechan  cind  W.  J.,  Lutter,  1984, 
A  seismic  refraction  survey  of  the  Imperial  Valley  region,  CaJifornia,  j.  Geophys.  Res, 
89,  1165-1189. 


261 


[4]  Hanson,  J.  A.,  J.  B.  Minster  and  F.L.  Vernon,  1993,  Polarization  characteristics  of 
local  events  recorded  on  a  small  aperture  array.  Submitted. 

[5]  Hedlin,  M.  A.,  1991,  Analysis  of  seismic  coda  to  identify  regional  sources  and  image 
strong  crustal  scatterers,  Ph.D  Thesis,  University  of  California  San  Diego. 

[6]  Kanamori,  H.,  and  D.,  Hadley,  1975,  Crustal  structure  and  temporal  velocity  change 
in  Southern  California,  PAGEOPH,  113,  257-280. 

[7]  Magnier,  S.  A.,  and  Donze,  F.  V.,  1993,  A  small  aperture  array,  retrieving  and  mod¬ 
elling  information.  In  preparation. 

[8]  Sanders,  C.  0.  emd  H.  Kanamori,  1984,  A  seismotectonic  analysis  of  the  Anza  Seismic 
Gap,  San  Jacinto  Fault  Zone,  Southern  California,  J.  Geopbys.  Res.,  89,  5873-5890. 

[9]  Scott,  J.,  1992,  Microeartbquake  Studies  in  tbe  Anza  seismic  Gap,  Ph.D  Thesis, 
University  of  California  San  Diego. 

[10]  Shaxp,  R.  V.,  1979,  Some  characteristics  of  the  Eastern  Peninsular  Ranges  Mylonite 
zone,  in:  Evemden,  J.  F.,  Convener,  Proceedings,  Conference  VIII,  Analysis  of  actual 
fault  zones  in  bedrock:  United  States  Geological  Survey  Open  File  Report,  79-1239, 
595p. 

[11]  Sylvester,  A.  G.,  and  M.,  Bonkowski,  1979,  Basement  rocks  of  the  Salton  Trough  re¬ 
gion,  in  Tectonics  of  tbe  Juncture  between  the  San  Andreas  Fault  System  and  tbe  Salton 
Trough,  Southeastern  California,  Chapter  7,  Ed.  J.  C.  Crowell  and  A.  G.  Sylvester,  for 
the  American  Geological  Society  of  America. 

[12]  Vernon,  F.  L.  III.,  1989,  Anedysis  of  data  recorded  on  the  ANZA  seismic  network, 
Ph.D  Thesis,  University  of  California,  San  Diego. 

[13]  Wright,  L.  B.,  1946,  Geology  of  Santa  Rosa  Mountain  eirea.  Riverside  County,  Cali¬ 
fornia,  California  Journal  of  Mines  and  Geology,  9-13. 


262 


Numerical  Simulation  of  Quarry  Blast  Sources 

K.  L  Mciaughlin,  T.  G.  Barker,  J.  L  Stevens,  S.  M.  Day* 

S-CUSED,  Division  of  Maxwei!  Laboratories 
POB  1620,  La  Jolla,  CA  92038,  619-453-0060 
‘Department  of  Geological  Sciences,  San  Diego  State  University 


Contract  F29601-9^DB27 

1.0  A  physical  model _ 

Tlie  typical  large  quarry  biast  is  designed  to  fracture  and 
move  large  quantities  of  rock  in  a  safe  and  economical 
manner.  To  accomplish  this,  explosives  are  placed  at 
scaled  burdens  between  0.5  and  1  m  per  cube-root  Kg  of 
explosives  (between  50  and  100  m/Kt*^)  and  detonated  in 
many  separate  holes.  Detonations  are  timed  so  as  to  allow 
the  rock  from  one  row  of  charges  to  move  out  of  the  way 
before  the  next  row  of  charge.*!  are  detonated.  In  this  way,  ■ 
fracture  from  spallation  is  maximized.  The  blasting  litera¬ 
ture  (Langefors  and  Kihlstrom,  1963)  confirms  that  the 
spall  momentum  from  charges  detonated  in  this  range  of 
scaled  burden  is  consistent  with  the  spall  momentum  pre¬ 
dicted  by  non-iinear  finite  difference  simulations  of 
nuclear  explosives  in  the  same  range  of  scaled  depth  of 
budal,  4*10^°  Nt-sec  per  Kt  explosive  or  40  Nt-sec  per 
Kg  of  explosive.  (Barker  et  al.,  1993) 


Figure  1  01  A  typical  quarry  blast  consists  of  multiple  det¬ 
onations  of  up  to  several  tons  each  behind  a  quarry  face. 
The  charge  size  and  burden  for  a  given  face  height  are 
specified  in  die  litciature  to  maximize  rock  fracture  and 
yield  a  clean  new  face  both  economically  and  safely. 


Fig'a’e  1.02  A  physical  model  for  the  spall  associated  with 
a  quarry  blast.  The  explosions  spall  material  from  the  face 
that  then  falls  to  the  quarry  floor.  The  spalled  mas,  M,  may 
fall  a  net  distance,  h. 

To  describe  the  spall  source  for  a  quarry  blast,  we  have 
adapted  the  spall  model  of  Barker  and  Day  (1990)  to 
mclude  the  effects  of  horizontal  throw  and  the  net  change 
in  elevation  of  die  spalled  mass.  Both  of  these  effects  are 
found  to  be  significant  contributions  to  the  seismic  source. 
The  equivalent  vertical  spall  force  is  given  by 

M[V^t)  +  (gtd  -V^o)S(t-td)-g(H(t)-H(t-td))]  (EQ 1) 

and  the  horizontal  farce  is  given  by 

F,-.MV,o[5(t)-5(t-td)],  (EQ2) 

where  M  is  the  spall  mass,  V^q  and  are  die  initial  ver- 
ucal  and  horizontal  spall  velocmes,  g  is  the  acceleration  of 
gravity,  and  tj  is  the  spall  dwell  time, 

td=[VzO  +  (VxO^  +  2hg)‘'2]/g.  (EQ3) 

2nd  h  is  the  net  change  in  elevation  of  the  spall  mass,  llie  total 
spall  momentum  is  P  =  M  (V^^^  +  Vj(,^)*^. 
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Figure  1.03  The  dwell  time  is  determined  from  the  magnitude 
and  direction  of  the  takeoff  velocity.  If  the  spall  mass  falls  a  net 
distance,  h.  then  there  is  a  contnbuuon  from  the  gravitational 
potential.  The  vertical  spall  force  sail  has  no  net  D.C.  value.  The 
horizontal  force  is  a  dipole  with  no  net  O.C.  value. 


2.0  The  hide  in  quarry  biast  scenario 


^  /  . '  •  j .  -.4 

'  'j , 


Figure  2.01  The  hide  in  quarry  blast  scenario. 

In  the  hide  in  quarry  blast  scenario,  a  large  chemical  shot 
designed  to  look  like  a  quarry  blast  may  be  used  to  hide  an 
overburied  nuclear  explosion.  The  nuclear  explosion  may 
be  partially  or  fully  decoupled.  We  have  examined  this 


Figure  2.02  Vertical  component 
synthetic  seismograms  (0.75-5  Hz) 
at  1000  km  for  the  1  Kt  overburied 
bomb  and  the  1  Kt  ripple  fired 
quarry  blast.  The  sum  of  the  two  is 
shown  at  the  top.  Note  that  the 
bomb  dominates  the  ripple  fired 
quarry  blast.  Note  tlie  ^fiferent  Pg/ 
Lg  ratio  of  the  bomb  and  quarry 
blast.  Note  that  the  ripple  fired 
quarry  blast  is  not  500  times  larger 
than  the  single  2  ton  quarry  blast 
shown  at  the  botrom.  This  is 
because  of  the  extended  duration  of 
the  ripple  fired  quarry  blast. 
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scenario  urder  the  assiunption  that  the  shots  are  fired  row- 
by-row  as  weC  as  simultaneousiy.  In  order  to  detonate  1  Ki 
of  chemical  explosive,  500  charges  of  2  metric  tons  each 
would  be  fired.  Regional  synthetic  seismograms  were  pro¬ 
duced  at  a  distance  of  1000  km  for  a  quarry  blast  of  20  by 
25  2-ton  charges  and  for  an  overburied  nuclear  explosion 
of  1  Kt  at  a  depth  of  300m.  The  quarry  blasts  were  com¬ 
puted  using  the  explosion  plus  spall  model  described  in 
the  previous  section.  Synthetics  were  examined  for  several 
cases,  including  pure  vertical  spall  and  spall  with  an  initial 
angle  of  45  degrees  to  the  horizontal.  Green’s  functions 
were  computed  from  0  -  5  Hz  using  a  reflectivity  code  and 
convolved  with  the  appropriate  source  time  functions.  The 
spall  component  of  the  quarry  blast  was  found  to  be  an 
important  contribution  to  the  quarry  blast  synthedc.  Exam¬ 
ple  syntheucs  are  shown  above  for  the  0.75-5  Hz  band¬ 
width.  Because  the  ripple  fired  quarry  blast  is  detonated 
over  an  extended  duradon,  the  500  2  ton  blasts  do  not  add 
up  to  an  amplitude  500  dmes  the  amplitude  of  each  indi¬ 
vidual  2  ton  blast  In  order  to  hide  the  explosion,  the  500 
separate  charges  must  be  detonated  nearly  simultaneously. 

We  conclude  that  in  order  to  hide  a  nuclear  explosion 
(bomb)  with  a  seismic  yield  of  1  Kt,  the  1  Kt  of  chemical 
explosives  would  have  to  be  detonated  nearly  simulta¬ 
neously.  Even  so,  the  overburied  explosion  may  sdll  be 

Figure  2.03  Predicted 
smoodi  Pg  spectra  (top)  at 
a  distance  of  1000  km  for 
thel  Kt  bomb  (dashed 
line)  and  1  Kt  ripple  fired 
quarry  blast  (solid  line).  A 
spectral  ratio  is  shown 
below  to  illustrate  the 
enhanced  high  frequen¬ 
cies  in  the  overburied 
bomb. 


visible  at  high  frequencies  as  anomalous  high  frequency 
energy  in  the  quarry  blast  plus  bomb  seismogram. 

3.0  The  effects  of  the  quarry  face _ 

3.1  A  theoretical  model 

A  theoreucal  model  for  the  effects  of  the  quarry  face  has 
been  proposed  ^.Barker  et  al.  1993).  The  essence  of  this 
model  IS  that  for  a  moment  tensor  source  located  behind  a 
non-honzontal  surface  such  as  a  quarry  face,  the  horizon¬ 
tal  couple  perpendicular  to  the  face  is  effectively  reduced. 
Therefore  an  explosion  source  no  longer  looks  isotropic 
when  compared  to  an  explosion  in  a  half-space,  Mxx  < 
Myy  =  Mzz.  In  order  to  illusirate  this  effect,  we  have  com¬ 
puted  several  simulations  using  2D  and  3D  linear  finite 
difference  codes.This  model  is  valid  for  wavelengths  long 
compared  to  the  height  of  the  bench. 

3.2  2D  modeling 

2D  linear  finite  difference  calculauons  have  been  per¬ 
formed  using  reciprocity  to  examine  the  radiation  effi¬ 
ciency  of  a  pomt  explosive  source  in  the  vicinity  of  a 
quarry  face.  A  plane  P  or  Rayleigh  wave  is  incident  upon  a 


10^ 


i  *  - 1 . . .  1  iiA  t  n.ii.i.il 


0.0  1.0  2.0  3.0  +.0 

(Hi) 


265 


filute  difiermce  gnd.  The  dilamnon  is  then  raoniicrcd  on 
the  finite  difference  gnd.  The  dilatation  for  a  model  with 
free-surface  topography  (lite  a  quarry)  is  then  compared 
to  dilatation  m  a  half-space.  Likewise  displacements  mon¬ 
itored  m  the  gnd  arc  used  to  infer  the  radiation  from  point 
sources.  The  result  is  a  map  of  the  efficiency  of  radiauon 
by  sources  m  the  finite  difference  model  reladve  to  sources 
in  a  half-space.  The  results  are  contoured  in  figure  3.2.1 
for  a  plane  F-waves  amvmg  from  the  nght. 


Figure  32.1  Reciprocity  is  used  to  infer  the  far-field  radia¬ 
tion  of  P  and  Rayleigh  waves  by  measuring  dilatation  and 
displacement  at  locations  m  the  2D  grid  from  incident 
plane  P  and  Rayleigh  waves. 


The  results  shown  in  Figure  3.22  have  been  found  to  be 
insensiave  to  the  take-off  angle  of  the  P-wave.  Similar 
results  are  found  for  Rayleigh  waves  arriving  firom  either 
the  nght  or  the  left.  In  all  cases,  the  excitation  from  a  point 
explosive  source  at  a  distance  behind  the  bench  less  than 
1/2  the  height  of  the  bench  is  reduced  by  nearly  50%  rela¬ 
tive  to  excitation  in  a  half-space. 

Simulations  using  incident  SV  waves  show  that  SV  radia¬ 
tion  is  enhanced  by  the  presence  of  the  bench  for  the 
explosive  sources  relative  to  sources  in  a  half-space.  The 
explosion  behind  the  bench  appears  more  deviatoric. 

The  2D  simulations  lead  to  several  predictions.  First,  an 
explosion  behind  a  quarry  face  will  show  reduced  excita¬ 
tion  of  P-waves  and  Rayleigh  waves  in  directions  perpen¬ 
dicular  to  the  quarry  face  compared  to  an  explosion  in  a 
half-space.  Point  forces  applied  to  the  quarry  face  and 
behind  the  quarry  face  will  not  be  so  affected.  Half-space 
Green’s  fimetions  may  be  used  to  model  the  explosion  but 
the  explosion  source  should  be  replaced  with  a  non-isotro¬ 
pic  source  with  Mxx  about  50%  of  Myy  =  Mzz. 

3.3  30  Modeling 

A  3D  finite  difference  calculation  was  performed  that 
models  a  large  quarry  with  vertical  faces.  A  point  explo¬ 
sive  source  was  located  directly  behind  the  quarry  face. 
Some  results  are  shown  in  Figures  3.3.1  and’ 3.3.2  that 
indicate  the  P-wave  amplitudes  are  reduced  for  azimuths 


Figure  3.22  Excitation  efficiency  of 
a  point  source  as  a  function  of  loca¬ 
tion  behind  a  45  degree  quarry  face. 
Die  moment  tensor  explosion 
source  (top)  is  reduced  by  as  much 
as  50%  for  locations  behind  the 
bench.  At  distances  behind  the 
bench  greater  than  the  bench  height, 
the  explosion  source  reladve  to  the 
half-space  is  only  reduced  by  20% 
or  less.  A  a  location  just  below  the 
toe  of  the  quarry  face,  the  explosion 
source  is  enhanced  by  a  factor  of  2 
or  ra>3re.  The  vertical  point  force 
.somce  (bottom)  is  hardly  affected 
by  the  presence  of  the  quarry 
fsce.Diis  analysis  is  valid  for  wave¬ 
lengths  mtxih  longer  than  the  bench 
height 


Source  Excitstion  Near  a  Bench 


perpendicular  to  the  quarry  face.  These  results  are  consis¬ 
tent  with  the  results  of  the  2D  simulations. 


V«rtlcal  Soction  Through  The  Source 
Explosion  Source  Quarry 
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Figure  3.3.1  Vertical  secuon  from  3D  finite  difference  sim¬ 
ulation.  The  P-wave  wavefront  is  clearly  visible. 


Vertical  Motion  On  The  Free  Surface 


Figure  3.3.2  Vertical  motion  on  the  finee  surface  of  a  3D 
finite  difference  simulation  showing  the  P-wave  radiation 
from  a  point  source  behind  the  quarry  face. 

The  3D  finite  difference  simulations  show  that  the  radiated 
P-wave  is  weakest  in  directions  perpendicular  to  the 
quarry  face,  as  if  the  Mxx  component  of  the  explosive 
source  were  reduced.  P-waves  radiated  parallel  to  the 
quarry  face  are  not  significantly  different  from  the  half¬ 
space  case  (no  quarry).  The  source  also  radiates  SH  wave. 


4.0  Discrimination 


An  important  problem  in  dLscriminadcn,  is  the  identifica¬ 
tion  of  quarry  blasts,  eartliquakes,  normally  buried  nuclear 
explosions,  and  overburied  or  decoupled  nuclear  explo¬ 


sions.  This  problem  is  complicated  by  the  fact  that  future 
events  of  interest  will  occur  in  areas  where  we  have  little 
or  no  prior  experience  in  discriminating  explosions  and 
earthquakes.  In  particular,  we  expect  that  overburied  and 
decoupled  explosions  will  not  have  the  cliaracteristic  spall 
signature  of  normally  buried  explosions.  Even  where  we 
have  experience  with  underground  nuclear  explosions  and 
earthquakes,  we  have  somewhat  limited  experience  with 
overburied  explosions.  Most  of  our  discrimination  experi¬ 
ence  is  based  on  normally  buried  explosions  compared  to 
earthquakes  or  on  large  quarry  blasts  compared  to  earth¬ 
quakes.  Therefore,  numerical  models  of  seismic  sources 
may  be  useful  in  suggesting  useful  discriminants  for  new 
areas  of  interest  provided  they  can  be  calibrated  to  regions 
for  which  we  more  extensive  discrimination  experience. 

In  Figure  4.01  we  show  comparisons  of  predicted  Pg/Lg 
spectral  ratios  for  four  different  Ml=4  seismic  sources  at 
1000  km:  a  thrust  earthquake,  a  ripple  fired  quarry  blast,  a 
normally  buried  explosion  with  spall,  and  an  overburied 
explosion  with  no  spall.  The  Lg/Pg  ratio  is  scaled  so  that 
the  ratio  of  the  earthquake  at  1  Hz  is  10  and  the  Lg  ampli¬ 
tude  at  1  Hz  is  held  nearly  constant  (Ml=4).  The  details  of 
this  figure  depend  on  the  crustal  struemres  and  particularly 
on  the  crustal  Q’s.  However  the  qualitative  prediction  is 
that  at  frequencies  above  2  Hz,  we  expect  that  die  earth¬ 
quake,  will  have  enhanced  Lg/Pg  ratios  relative  to  those  at 
1  Hz,  the  normally  buried  bomb  with  spall  will  have  the 
lowest  Lg/Pg  ratios  at  3  Hz  relative  to  those  at  1  Hz,  and 
the  quarry  blast  and  overburied  or  decoupled  bomb  will  be 
intermediate.  These  predictions  are  consistent  with  obser¬ 
vations  of  Bennett,  et  al.  (1989),  In  studies  of  spectral 
slopes,  they  found  that  the  ratio  of  Lg-to-P  fell  off  faster 
with  increasing  frequency  for  normally  buried  bombs  than 
earthquakes  or  quarry  blasts. 


Figure  4.01  Lg/Pg  spectral  ratio  at  1000  km  for  four 
sources.  Spectra  determined  from  smoothed  envelopes  of 
bandpass  filtered  seismograms. 
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In  Figure  4.02  we  show  predicted  Lg  spectra  for  the  same 
four  sources.  The  spectra  are  all  nonritdized  to  1  at  1  Hz. 
The  quarry  blast  falls  off  faster  than  the  earthquake  spec- 
mim  also  consistent  with  observations  of  Bennett  et.  al. 
(1989).  Again  die  details  of  this  plot  will  depend  on  the 
particular  crustal  model  chosen,  bat  we  expect  that  some 
of  the  qualitative  results-  will  apply  to  a  wide  range  of 
structures.  Because  of  the  spall  components  of  the  quarry 
blast  and  the  normally  buned  bomb  we  expect  that  they 
will  show  the  greatest  spectral  decay  with  increasing  fre¬ 
quency. 


Frequency  (Hz) 

Figure  4.02  Normalized  Lg  spectra  for  four  sources  at 
1000km.  The  earthquake  is  the  most  enriched  in  high  fre¬ 
quency  Lg, 

5.0  Condusions 


We  have  proposed  models  for  the  “spall”  contribution  of 
the  quarry  blast  and  die  effects  of  the  quarry  face  on  the 
explosive  source.  These  models  may  have  sigiuficant 
implications  on  our  ability  to  identify  and  discriminate 
large  quarry  blasts  from  earthquakes,  rock-bursts,  and 
nuclear  explosions.  These  models  for  radiation  ffom  the 
spall  source  and  explosion  source  behind  the  non-tiorizon- 
tal  ffee-sur&ce  could  be  tested  in  a  properly  designed 
experimental  program.  We  summarize  our  specific  conclu¬ 
sions  below. 

•  Seismic  radiation  firora  the  spall  part  of  a  typical  quarry 
blast  is  comparable  to  the  explosion  part  of  the  quarry 
blast  source. 

•  The  quarry  blast  source  is  a  band-limited  signal  com¬ 
pared  to  the  overbuned  bomb  due  to  the  spall  signal 
and  the  duration  of  the  distributed  quarry  blast. 

•  Pg  spectral  values  rise  in  the  0.5-3  Hz  band  for  the 
bomb  but  decay  for  the  quarry  blast  source  due  to  die 
spall  contributions  and  duration  of  the  quarry  blast 

•  Quarry  blast  spectra  arc  scalloped  primarily  due  to  the 
duration  of  the  source. 

•  The  explosion  will  dominate  a  siraulfaceous  bomb  and 
npple  fired  quany  blast  if  the  explosion  seismic  yield 
of  the  bomb  exceeds  10%  of  the  total  quarry  yield. 


•  Near  sunultaneous  detonation  of  the  entire  quarry  blast 
IS  required  to  hide  an  overburied  nuclear  explosion. 

•  Seismic  amplitudes  are  insensitive  to  the  direction  of 
the  spall  as  long  as  there  is  mmimal  elevation  change. 

•  A  net  elevation  change  comparable  to  the  burden  can 
significantly  increase  the  seismic  amplinides  ffom  a 
quarry  blast. 

•  2D  simulations  predict  that  P  and  Rayleigh  radiation 
from  a  point  explosion  behind  the  quarry  face  may  be 
reduced  by  a  factor  50%  due  to  the  free-surface  face. 

•  2D  simulations  predict  that  the  reduction  in  seismic 
signals  radiated  by  a  point  explosion  behind  the  quarry 
face  for  P-waves  radiated  perpendicular  to  the  face  is 
independent  of  slowness. 

•  2D  simulations  predict  that  seismic  signals  from  the 
point  force  equivalents  of  spall  are  little  affected  by  the 
free-surface  face. 

•  3D  simulations  predict  that  the  effect  of  the  free  sur¬ 
face  face  L  introduce  an  azimuthal  radiation  pattern 
and  to  radiate  SH  waves. 

•  Source  models  for  earthquake,  quarry  blast  with  spaU, 
overburied  explosion,  and  normally  buried  explosion 
with  spall  preset  that  frequency  dependent  Lg  and  Lg/ 
Pg  rations  may  serve  as  useful  disatiminants. . 

The  proposed  spall  model  for  seismic  radiation  from 
quarry  blasts  predicts  enhanced  SV  radiation  compared  to 
the  point  explosion  source  alone.  Furthermore,  the  direc¬ 
tivity  of  spall  from  a  non-horizontal  face  predicts  that  SH 
waves  will  be  generated.  Both  of  these  effects  make 
quarry  blasts  look  like  deviatoric  sources.  Because  the 
dwell  times  for  typical  quany  blasts  are  near  1  sec,  the 
typical  quarry  blast  will  have  a  peaked  spectra  and  it  is 
possible  that  this  may  lead  to  useful  regional  discrimi¬ 
nants.  Some  elements  of  these  models  could  be  tested  in 
properly  designed  field  experiments. 
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1,  OBJECTIVES 

Conventional  methods  for  discriminating  between  earthquakes  and  explosions  at  regional  distance  have 
concentrated  on  extracting  specific  features  from  the  waveforms  of  the  P(usual  Pg)  and  S  (usual  Lg)  phases. 
The  specific  features  considered  generally  are  amplitude  ratios,  measures  of  waveform  complexity  or  various 
kinds  of  spectral  ratios,  suggesting  that  the  main  characterization  of  the  differences  bet,veen  earthquakes  and 
explosions  reduces  to  differences  between  the  spectra  or  differences  between  the  waveforms.  Our  objective 
here  is  to  compare  some  of  the  classical  discriminants  in  the  literature  with  two  methods  based  on  statistical 
optimality  criteria.  We  consider  first  an  optimal  nonparametnc  discriminator,  derived  under  the  assumption 
that  the  earthquake  and  explosion  P  and  S  phases  are  uncorrelated  stationary  Gaussian  processes  with 
unequal  spectra.  The  likelihood  criterion  that  obtains  displays  the  optimal  statistic  as  the  result  of  comparing 
spectral  matches  between  the  observed  series  and  the  average  earthquake  spectrum  against  a  comparable 
match  with  the  explosion  spectrum.  A  second  optimal  parametric  discriminator  models  the  P  phase  as  a 
modulated  autoregressive  process,  where  the  modulating  function  is  consistent  with  models  for  earthquake 
and  explosion  waveforms  found  in  the  literature.  The  nonparametnc  method  is  obviously  tuned  to  spectral 
differences  whereas  the  parametric  method  is  closely  allied  with  notions  relating  to  complexity  and  amplitude 
ratios. 

Numerous  investigators  have  pointed  out  that  the  logarithms  of  Pg  -  Lg  amplitude  ratios  tend  to  be  lower 
for  earthquakes  than  for  explosions  (see,  for  example  Blandford,  1981,  Bennett  and  Murphy,  1986,  Taylor 
et  al,  1989).  This  idea  has  been  extended  to  include  a  consideration  of  spectral  ratios  involving  the  P  and 
S  groups.  Bennett  and  Murphy  (1986)  note  that  for  western  U.S.  events,  earthquake  Lg  spectra  contained 
mote  high  frequencies,  and  that  the  ratio  of  the  logarithms  of  low  frequency  (.5-lHz)  Lg  to  higher  frequency 
Lg  (2-4Hz)  tend  to  be  larger  for  explosions.  Taylor  et  al  (1989)  also  use  this  ratio  over  the  frequency  bands 
(l-2Hz)  and  (6-8Hz)  and  e.xtended  the  consideration  to  the  Pg  phase.  Dysart  and  Pulli  (1990)  have  also 
considered  various  features  extracted  from  the  spectra  and  have  developed  neural  networks  as  an  alternative 
to  simple  linear  combinations  of  features  for  discrinunation.  Finally,  Kim  et  al  (1992)  note  that  for  eastern 
U.S.  events  the  ratios  of  Pg  to  Lg  spectra  are  generally  higher  for  explosions.  Some  early  results  using  the 
three  coefficients  in  an  third-order  autoregressive  model  for  the  coda  as  features  are  available  in  Tjostheim 
(1974)  and  Bungum  and  Tj0stheim(1978). 

The  spectral  methods  discussed  above  generate  features  that  can  differ  for  earthquakes  vJid  explosions 
in  certain  specific  data  bases.  Such  features  as  P  to  S  amplitude  ratios  or  spectral  ratios  within  phases  or 
between  phases  can  then  be  put  into  a  vector  a.ad  transformed  (usually,  logarithms  are  taken  for  a  better 
approximation  to  normality)  in  order  to  apply  one  of  the  standard  linear  or  quadratic  discriminant  analysis 
techniques.  Examples  are  Shumway  and  Blandford  (1974),  Taylor  et  al  (1989),  Dysart  and  Pulli  (1990) 
and  Kim  et  al  (1992).  Two  features  at  a  lime  are  often  plotted  .n  various  combinations  for  earthquakes 
and  explosions  to  show  graphically  the  separation  c'the  two  , copulations  (see  the  above  references  and  also 
Bennett  and  Murphy.  1986). 

Shumway  and  Blandford  (1976)  introduced  an  optimal  method  combining  optimal  linear  and  quadratic 
discriminant  functions  based  on  modeling  the  underlying  ^nort  period  teleseisnuc  P  waveforms  as  Gaussian 
processes  differing  in  both  the  mean  value  signals  and  the  spectral  densities.  For  regional  events,  it  is  clear 
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that  the  notion  of  a  fixed  mean  P  or  S  waveform  which  differs  for  earthquakes  and  explosions  is  not  a 
relevant  comparison  but  that  the  notion  that  the  earthquakes  and  explosions  differ  onf>  in  their  spectra  does 
make  a  lot  of  sens?.  This  implies  that  the  quadratic  part  of  the  optimal  detector  used  by  Shumway  and 
Blandford  (1976)  (see  also  Shumway.  1982.  1988)  will  have  the  lowest  rnisclassification  rate  of  any  funciton 
based  on  the  spectra,  including  those  given  in  the  preceding  paragraph.  Such  a  detector  has  been  applied 
several  times  in  the  literature  to  seismic  discrimination,  notably  by  Dargahi-.N'oubary  and  Laycock  (1981), 
Shumway  (1982.1988/  and  .\lagon  (1989).  We  develop  and  apply  a  modified  version  of  such  a  detector  to 
a  P  and  S  phases  from  population  of  regional  Scandinavian  earthquakes  and  explosions  given  in  Blandford 
(1993).  b'nce  the  model  depends  only  on  stationarity  of  the  senes  and  not  on  a  specific  parametric  model 
for  the  spectrum,  we  refer  to  it  as  the  optimal  nonparametne  itscnminaior. 

Blandford  (1993)  discusses  a  notion  of  comple.xity  as  a  discriminant  .and  shows  that  it  has  potential  for 
disenmina  .ion  of  the  events  in  the  Scandinavian  database.  The  idea  relates  to  the  often  quoted  statement 
by  analysts  that  complexity  is  a  strong  component  of  their  visual  procedure  for  discrimination.  Blandford 
propo'  iS  a  notion  of  complexity  related  to  the  observation  that  explosions  generate  usually  an  impulsive 
sigvil  whereas  earthquakes  tend  to  generate  a  more  emergent  signal.  We  develop  here  an  optimal  parametric 
discriminator  by  assuming  that  the  earthquake  and  e.xplosion  populations  can  be  expressed  as  uniformly 
modulated  autoregressive  process,  parameters  of  the  modulating  function  characterize  separately  the  emer¬ 
gent  and  impulsive  properties  of  the  signal.  Our  underlying  model  for  complexity  is  taken  directly  from  a 
suggestion  of  Dargahi-.Noubary  (1992)  that  is  based  on  standard  source  theory. 

2.  RESEARCH  ACCOMPLISHED 

2.1  Data  Compilation 

For  our  test  data,  we  use  a  subset  of  .stations  recording  8  earthquakes  and  8  explosions  in  Scandinavia 
from  the  arrays  NORESS,  ARCESS  and  FINESS  as  described  m  Blandford  (1993).  .\ccording  to  Blandford, 
‘The  events  were  selected  with  consideration  for  having  sufficient  S/.V  at  single  elements  so  that  all  phases 
could  be  clearly  seen  on  all  component  of  a  single  instrument  ”.  From  Table  1  in  Blandford,  we  took 
explosions  three  through  ten  and  from  Table  2,  we  used  all  eight  earthquakes.  All  events  chosen  by  Blandford 
were  on  or  near  land  and  were  distributed  uniformly  over  Scandinavia  to  minimize  the  possibility  that 
discriminators  might  be  keying  on  location  or  land-sea  differences.  Figure  1  shows  portions  of  typical 
earthquakes  and  explosions  (samnled  at  20  Hz)  along  with  the  portions  of  the  record  that  we  visually 
determined  as  the  P  and  S  phases.  We  did  not  identify  specific  phases  through  velocity  computations  but 
simply  chose  fairly  broad  (25  second)  windows  that  seemed  to  include  the  P  and  S  phases. 

2.2  Discriminators  Based  on  Feature  E/traction 

For  feature  extraction,  we  consider  a  number  of  classical  measures  related  to  the  spectrum.  They  are 
logarithms  of  (1)  P  and  S  amplitudes,  (2)  P  and  S  mean  square  error,  (3)  combinations  of  P  and  S  spectra 
(0-3Hz,  3-6Hz,  ^9Hz,  0-2Hz,  2-4Hz)  and  (4)  autoregressive  coefficients  of  the  P  and  S  phases  for  a  third 
order  model.  The  frequency  rtinges  were  not  exactly  comparable  to  those  used  in  the  literature  (.5-lHz,  2-4 
Hz  m  Bennett  and  Murphy,  1986,  l-2Hz,  6-8Hz  in  Taylor  et  al,  1989,  5-25(5)Hz  m  Kim  et  al,  1992)  but  were 
chosen  by  visually  inspecting  the  separate  spectra  and  the  average  earthquake  and  explooion  spectra  shown 
in  Figure  2.  A  further  comment  is  that  we  have  avoided  taking  ratios  of  spectra  which  tend  to  pre- assume 
that  the  best  discriminator  will  be  the  simple  difference  (log^  =  logP  -  logS).  It  is  clear  that  taking 
logarithms  improves  the  approximation  to  muitrvariate  normality  for  these  features  but  dividing  may  distort 
the  variance  and  invahdate  the  equal  covariance  assumption  that  is  helpful  for  linear  discriminant  analysis. 

The  best  discriminators  of  this  group  were  the  classical  and  ordinary  measures  (1)  and  (2),  (1)  is 
plotted  in  Figure  3.  A  linear  discriminant  analysis  with  equal  prior  probabilities  tended  to  confirm  the  ratio 
procedure.  For  example  the  optimal  linear  discriminant  function  for  P  and  S  amplitudes  was 

d  =  -20.59  log  P  ■¥  15.97  log  5  -}■  14.32 

Both  (1)  and  (2)  had  perfect  classification  m  the  test  .sample  and  clas.sified  the  first  explosion  as  an  earthquake 
in  the  holdout-one  procedure.  The  best  of  the  spectral  group  (3),  also  plotted  in  Figure  3,  was  the  comparison 
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the  relative  auipUtudee  of  the  P  and  S  components. 


of  P(0-3Hz)  to  S(0-3Hz)  which  had  the  same  performance  as  (1)  and  (2).  The  other  techniques  in  (3)  gave 
inferior  performances  and  Method  (4)  had  the  worst  performance  with  almost  no  discrimination  capability. 
Because  of  the  snvall  samples  involved,  we  only  compared  pairwise  spectra  under  method  (3). 

2.3  Optimal  Nonparametric  and  Parametric  Discriminators 

For  our  optimal  nonparamitnc  cjassification  procedure  consider  the  classical  approach  to  discriminating 
between  two  stationary  bivariate  Gaussian  processes  (Hi  .  Earthquakes  and  //>  .  E.xplosions)  with  unequal 
matrix  covariance  functions  (spectra).  .An  appro.ximation  (see,  for  example,  Shumway,  1988)to  the  optimal 
test  statistic  is  related  to  the  match  between  the  Fourier  spectrum  of  the  series  of  unknown  origin  and  the 
spectrum  of  the  earthquake  or  explosion  process.  Consider  the  matching  function  under  HjJ  =  1,2,  say 


T-l 


1;=.0 


|A'  (^)l‘  1 
/;  M 


where  we  replace  .  by  P  or  S  depending  on  the  phase  to  be  considered,  X  (k)  is  the  discrete  Fourier  transform 
of  the  data  x,  and  fj  (i/*)  denotes  the  spectrum  for  phase  .  under  hypothesis  Hj.  The  optimal  quadratic 
discriminator  is  then 


Q  =:  {dip  —  d-ip)  +  {dis  -  d-is ) 

where  we  accept  Hi  (earthquake)  if  Q  >  0  and  H2  (explosion)  if  Q  <  0.  .Note  that  the  P  and  S  phases  need 
to  be  uncorrelated  processes  for  this  detector  to  be  optimal.  We  have  computed  cross  spectra  and  coherence 
functions  of  the  paired  phases  for  every  event  and  they  are  not  significantly  greater  than  zero. 

In  order  to  apply  the  discriminant  function  defined  above,  we  need  to  have  estimators  for  the  earthquake 
and  explosion  spectra,  say  /i  (u)  and  /^.(i').  These  can  be  taken  as  predefined  values  if  no  training  sample 
is  available  or  as  the  averages  of  the  earthquake  and  explosion  spectra  respectively  if  a  training  sample  is 
available.  We  take  the  values  here  of  the  average  earthquake  and  explosion  spectra  shown  in  Figure  2.  The  P 
and  5  components  of  the  quadratic  detector  are  plotted  in  Figure  4  and  we  see  that  both  the  test  sample  and 
the  holdout  procedures  achieve  perfect  classification.  Note  that  the  performance  of  the  holdout  procedure 
emulates  the  performance  that  a  discriminant  function  defined  from  a  training  sample  would  have  on  a  new 
observation.  One  computes  the  average  of  the  spectra  holding  out  one  ob.servation  at  a  time  and  then  using 
the  test  statistic  to  classify  the  held  out  observation. 

In  order  to  define  an  optimal  parametne  discriminator,  consider  the  model  for  the  earthquake  or  explo-  ’ 
sion  P  phase  specified  as 


Ut  =  at{di,02)xt  +  ui 


where 


X(  =  dllXt-l  +  <t>'>Xt-2  +  Wt 


with 


a,(0u&2)  =  ^itc~^"' 

the  modulating  function  of  the  underlying  earthquake  or  explosion. 

The  modulating  function,  suggested  by  Dargahi-Noubary  (1992),  has  a  shape  which  depends  on  the 
parameters  0i  and  02  Small  values  of  and  02  should  be  associated  with  earthquakes,  large  values  of 
these  two  parameters  would  characterize  explosions  since  these  larger  values  will  produce  rather  impulsive 
waveforms.  The  two  errors  have  variances  a-  and  <7^.  for  identifiability,  it  appears  that  should  be  fixed 
at  a  constant  value.  Determining  the  optimal  discriminant  function  would  depend  on  developing  a  test  of 
the  hypothesis  Hi  0i  =  0ii,02  =  0i2  against  H2  0i  =  ^21.^2  =  f^22  We  are  using  a  hybrid  of  the  EM  and 
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Newton-Raphson  algorithms  to  estimate  the  parameters  in  the  model  bv  maximum  likelihood.  For  values  of 
the  target  6's  in  the  two  hypotheses,  we  will  use  the  overall  values  for  these  parameters  estimated  from  the 
training  sample.  Then. for  each  series,  a  likelihood  test  of  the  hypotheses  would  involve  comparing  the  log 
likelihood  evaluated  at  0u-^i2  with  the  log  likelihood  evaluated  at  ^21.^22-  Currently,  we  are  developing  the 
computational  procedures  for  computing  ma.ximum  likelihood  estimators  for  the  parameters  of  the  model 
for  a  single  process. 

% 

3.  CONCLUSIONS  AND  RECOMMENDATIONS 

We  conclude  that  the  optimal  nonparametric  procedures  based  on  spectral  differences  discriminate 
significantly  better  than  those  based  on  extracting  simple  features  of  the  process  for  the  small  population 
of  Scandinavian  earthquakes  and  explosions  considered  in  this  study.  The  advantage  of  the  nonparametric 
procedure  is  its  ability  to  tune  against  all  differences  present  in  the  earthquake  and  explosion  spectra  and 
not  to  specific  frequency  bands  or  phases.  Furthermore,  for  more  realistic  larger  samples  and  more  than  one 
station  used  per  event,  the  procedure  can  work  even  better.  The  application  of  the  nonparametric  procedure 
to  larger  data  bases  should  provide  the  standard  baseline  statistic  for  comparison  with  more  esoteric  nonlinear 
methods  such  as  classification  trees  or  neural  nets  as  applied  to  specific  feature  vectors. 

The  modeling  of  complexity  using  the  waveform  model  proposed  here  may  also  add  discrimination 
capability  for  the  cases  where  the  spectral  matching  function  given  bv  the  nonparametric  procedure  is  not 
enough.  We  will  continue  to  develop  the  likelihood  ratio  properties  of  the  waveform  comparison  test  and 
apply  it  to  the  small  test  sample  of  Scandinavian  events. 
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Objectives 

There  are  two  objectives  of  this  research.  First,  we  want  to  develop 
tomographic  maps  of  Lg  coda  Q,  and  its  frequency  dependence  at  1  Hz  which 
cover  as  much  of  Eurasia  as  possible  and  to  relate  these  to  tectonic  and  geologic 
features  of  the  crust.  Past  research,  such  as  Mitchell  (1975,  1981)  have  shown 
that  the  degree  of  tectonic  acitivity  in  a  region  is  closely  related  to  Q.  values 
there,  but  that  other  factors,  such  as  the  thickness  of  young  sediments 
(Mitchell  and  Hwang,  1987)  can  also  affect  those  values.  A  second  object  of 
this  research  is  to  develop  a  method  to  simultaneously  determine  Lg  source 
spectra  and  path  Q,  and  to  apply  the  method  to  events  in  Eurasia.  The 
parameters  to  be  determined  are  the  comer  frequencies  and  seismic  moments 
for  all  sources  and  Lg  Qo  (Lg  Q.at  1  Hz)  and  its  frequency  dependence(Ti)  along 
all  paths  between  sources  and  recording  stations. 


Research  Accomplished 

We  have  applied  the  tomographic  method  of  Xie  and  Mitchell  (1990)  to 
map  the  region^  variation  of  Lg  coda  Q,  and  its  frequency  dependence  across 
most  of  Eurasia  between  about  20  and  80  degrees  north  latitude  and  between 
about  0  and  120  degrees  east  longitude  (Figures  1  and  2).  The  region  includes 
much  of  northern  Europe,  including  the  Barents  shelf,  almost  all  of  eastern 
Europe,  and  all  of  northern  and  central  Asia  except  for  the  northwestern 
portion  of  Siberia  where  data  are  lacking.  Other  regions  where  our  maps  are 
incomplete  are  the  Iberian  penninsula,  the  Arabian  peninsula,  southern 
portions  of  India,  Pakistan  and  Iran,  and  a  small  region  of  sourtheastera  Asia. 
The  mapping  was  made  using  Lg  coda  written  on  358  seismograms  collected 
from  various  WWSSN,  GSN,  CDSN,  IRIS,  NORSAR,  and  ARCESS  stations  distributed 
throughout  Eurasia.  The  maps  of  Figures  1  and  2  are  similar  to  those  presented 
earlier  (Pan  ef  al.,  1992),  but  incorporate  additional  data,  especially  in  the 
region  of  Scandinavia  and  the  Barents  shelf. 

Values  of  Qo  and  ti  for  each  event-station  pair  were  obtained  using  the 
stacked  spectral  ratio  (SSR)  method  of  Xie  and  Nuttli  (1988)  where  it  is  assumed 
that  Lg  coda  Q,can  be  expressed  as  Qc(f)=Qof^-  The  SSR  method  yields  values  of 
Qo  and  n  with  smaller  variances  than  those  associated  with  earlier  methods  and 
reduces  tradeoffs  between  Qo  and  ii  which  have  plagued  some  studies. 

Our  images  of  Qo  and  ti  show  the  following  features: 

1.  A  swath  of  high  values  800-1100  extneding  from  the  Barents  shelf, 
across  northern  Scandinavia,  the  northern  portions  of  eastern  Europe 
and  into  central  Asia.  These  high  values  correspond  spatially  with  the 
the  East  European  platform  and  the  southwestern  portion  of  the  Siberian 
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Craton.  Values  throughout  much  of  the  Siberian  Craton  are  substantially 
lower  (500  or  less)  than  than  values  throughout  much  of  the  East 
European  platform  and  the  southwestern  portion  of  the  Siverian  Craton. 
These -reduced  values  may  be  related  to  tectonic  activity  which  occurred 
in  that  region  in  Mesozoic  time. 

2.  The  East  European  platform  and  Siberian  craton  are  separated  by  the 
Central  Asian  Fold  Belt  which  appears  to  be  associated  with  lower  Q.  values. 

3.  Very  low  values  (200-300)  occur  through  a  belt  in  the  southernmost 
portions  of  Eurasia  stretching  from  Europe  to  southeastern  Asia.  These 
values  are  probably  due  to  cracks  and  interstitial  fluids  produced  by 
continuing  tectonic  activity  those  regions. 

4.  Frequency  dependence  values  vary  between  about  0.0  and  1.0  with  no 
clearcut  relationship  appearing  to  characterize  those  values  with  respect 
to  the  Qo  values. 

The  procedure  which  we  have  developed  for  simultaneously  determining 
source  parameters  and  path  Q.  and  frequency  dependence  using  Lg  waves  uses 
the  formulation 


/!,''(/)  =  «/, 9, )C(A,)exp|-^.Jf, (/>,(/)  (1) 

where  f  is  frequency,  i4,^(f)  is  the  Lg  displacement  spectrum  at  the  ith  station, 
0i,  Ai,  Ti,  and  Q(f)  are  azimuth,  distance,  mean  Lg  travel  time,  and  Lg  quality 
factor  from  the  source  to  the  ith  station.  S(f,9i)  is  the  source-to-Lg  spectr^ 
radiation  in  the  direction  of  Gj,  which  we  take  as  the  Lg  source  spectrum.  G(Ai) 
is  the  geometrical  spreading  factor  and  typically  has  the  form 

G(A,)  =  (AoA,)-'^  (2) 


where  Aq  is  a  reference  distance. 


For  earthquake  sources,  S(f,0i)  can  be  represented  by  an  omega-square 
model,  and  for  explosive  sources,  by  a  simplified  Mueller-Murphy  model 
(Sereno  et  al.,  1988).  If  we  assume  that  radiation  patterns  are  radially 
symmetric  then  the  equations  which  we  invert  can  be  applied  to 


Mg  1 
4;rpv,'  1  +  /V/J 


for  earthquakes,  and 


Jk _ 1 _ 

^npv]  [l  +  (l-2/?)/V/,' 


(3) 


(4) 


278 


for  explosions,  in  the  above  equations,  Mo  is  seismic  moment,  fc  is  comer 
frequency,  and  p  is  a  parameter  which  quantifies  the  overshoot  effect  in  the 
Mueiler-Murphy  model.  Synthetic  Lg  spectra  calculated  with  inverted  source 
parameters- -and  path  QLglH  and  for  five  stations  which  recorded  the  JVE  event 
are  compared  with  observed  spectra  in  Figure  3.  Details  on  the  derivation  of 
these  equations  and  on  the  inversion  process  are  given  in  Xie  ( 1993). 

The  method  was  applied  to  Lg  waves  generated  by  three  underground 
nuclear  explosions  in  eastern  Kazakhstan,  the  largest”  of  which  is  a  Joint 
Verification  Experiment  (jVE)  event.  Table  1  lists  the  location  parameters  of 
the  events  as  well  as  the  moments  and  corner  frequencies  determined  for 
them.  The  values  for  the  JVE  event  are  in  excellent  agreement  with  previous 
estimates  obtained  using  other  methods  and  phases  as  well  as  with  source 
scaling  relationships  developed  for  NTS  explosions,  and  the  values  for  the 
smaller  events  indicate  that  the  yields  are  consistent  with  those  predicted 
using  ISC  mb  values  and  an  mb-yield  relationship. 

The  path-averaged  apparent  Qq  values  for  the  five  paths  of  this  study  are 
shown  in  Figure  4  and  the  paths  are  superposed  over  the  values  of  Lg  coda  Q,  at 
1  Hz  obtained  by  Xie  and  Mitchell(1991)  in  Figure  5.  The  Lg  Q.  values  of  this 
study  agree  well  with  the  Lg  coda  Q. values  determined  earlier. 


Conclusions  and  Recommendations 

The  pattern  of  Qq  variations  across  Eurasia  (Figure  1)  shows  clear 
relationships  with  many  of  the  tectonic  features  of  Eurasia.  The  highest 
values  occur  in  the  East  European  platform.  The  Siberian  craton  also  exhibits 
high  values,  but  not  as  high  as  those  of  the  East  European  platform.  Values  in 
the  latter  region  may  have  been  caused  by  more  recent  (Mesozoic)  tectonic 
activity  there.  Lower  values,  apparently  associated  with  the  Central  Asian  Fold 
Belt  separate  the  two  cratons.  Very  low  values  of  Qo  characterize  regions 
where  tectonic  activity  is  still  occurring  throughout  Eurasia.  There  are 
several  ways  in  which  this  work  can  be  extended  to  improve  our  knowledge  of 
the  attenuative  properties  of  the  Eurasian  crust.  These  include  obtaining 
tomographic  images  of  attenuation  of  other  regional  phases,  such  as  Sn, 
extension  to  higher  frequencies,  and  integrated  studies  of  Lg  Q.and  Lg  coda  Q, 

A  new  method  of  simultaneously  determining  event  moments  and  comer 
frequencies  along  with  anelastic  parameters  along  paths  of  travel  has  been 
successfully  developed  and  applied  to  three  nuclear  events  in  Kazakhstan. 
Results  obtained  for  both  source  parameters  and  path  Q.  values  are  consistent 
with  values  obtained  using  other  methods.  It  will  be  important  to  apply  this 
method  to  a  large  number  of  events  and  paths  in  Eurasia  and  other  continents. 
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lable  1.  Event  and  path  parameters  t 


Event 

Date 

Origin 

Time 

Location 

Seismic 

Moment  (dyne.cm) 

Comer 

Frequency 

Average 

-Qg _ 

Average 

tp.  14,  88* 

3H59MS7.6S 

6.1 

49.81*N,  78.80*E 

1.3  (i:  0.1)  X  10^ 

0.56  0.02  hz 

657  129 

0.31  r  0.02 

bv.  12,  88 

3H30M30.8S 

5.4 

50.05*N,  78.98*E 

2.6  (i:  0.3)  X  10° 

0.82  :t:  0.02  hz 

557  94 

0.48  i:  0.01 

bv.  23,  88 

3H57M06.8S 

5.4 

49.77'N,  78.06*E 

1.8  (n  0.2}  X  10 

0.70  2:  0.02  hz 

621  2:  127 

0.49  =  0.02 

The  origin  times,  locations  and  magnitudes  are  from  the  ISC  bulletin;  the  seismic  moments,  comer  fre^enaes  and 
tth-averaged  and  values  are  obtained  in  this  study  with  B  in  equation  (5)  set  to  be  0.75  (Poisson  media). 

rhe  Joint  Verification  Experiment  (JVE)  event. 
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AR,  500  +  -68,  0.49  +  -0.01  ARU,  846  +  -i93,  0.34  +  -0.02  WMQ,  588t-l33,  O.SO 


Synthetic  Lg  spectra  for  all  five  stations  which  recorded  the  JVE  event  with  observed 

the  observed  spectrum  at  each  station.  Amplitude  Is  given  In  units  of  10  dyne-cm. 


Figure  4.  Great  circle  paths  from  the  three  nuclear  explosions  to  five 
IRIS/CDSN  stations.  Numbers  denote  values  of  Q  and  n  values 
for  each  path. 


Figure  5.  The  great  circle  paths  of  Figure  4  superposed  on  the  tomographically 
determined  values  of  Q  obtained  by  Xie  and  Mitchell  (1991)  for  the 
region  of  the  present  study. 
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The  objective  of  the  research  being  conducted  under  this  contract  is  to 
derive  a  more  generally  applicable  seismic  yield  estimation  methodology  for- 
isolated  explosions  which  are  not  located  at  well-calibrated,  declared  test  sites. 
This  is  an  issue  of  concern  in  that  such  isolated  tests  may  be  representative  of  the 
types  of  events  which  will  need  to  jje  considered  in  a  CTB  or  proliferation 
monitoring  environment.  Our  selected  analysis  approach  to  this  problem  centers 
on  model-based  inversion  processing  of  network-averaged,  teleseismic  P  wave 
spectra  which  have  been  derived  for  a  selected  sample  of  Soviet  PNE  explosions, 
in  order  to  obtain  seismic  yields  and  associated  anelastic  attenuation  (i.e.,  t*) 
estimates  for  each  explosion  location. 


Research  Accomplished 

In  tiiis  phase  of  the  investigation,  an  initial  sample  of  43  well-distributed 
Soviet  PNE  tests  representing  a  wide  range  of  mb  values  extending  from  about 
4.4  to  5.7,  as  well  as  a  variety  of  tectonic  regimes,  has  been  selected  for  analysis. 
A  comprehensive  search  of  the  GDSN  database  has  been  conducted  to  identify 
short-period  signals  recorded  from  these  explosions  and  the  resulting  digital  data 
have  been  collected,  merged  with  the  corresponding  USAEDS  and  hand-digitized 
WWSSN  data  and  assembled  into  a  uniform  database  at  the  ARP  A  CSS.  All  of 
these  data  have  been  reviewed  by  an  experienced  analyst  to  verify  arrival  time 
estimates  and  to  assess  data  quality  and  calibration  accuracy.  The  resulting 
database  includes  at  least  20  teleseismic  stations  for  each  event  and  large  networks 
of  more  than  30  stations  for  23  of  the  43  selected  explosions.  In  addition, 
information  regarding  the  source  characteristics  of  these  explosions,  as  well  as 


tectonic  and  earth  structure  data  relevant  to  the  interpretation  of  the  seismic  data, 
have  been  collected  from  a  variety  of  sources  and  used  to  construct  classified  and 
unclassified  information  files  for  each  event.  A  map-based,  graphical  user 
interface  has  also  been  developed  which  permits  the  analyst  to  easily  access  the 
seismic  data  and  to  evaluate  it  in  the  context  of  other  available  information.  This 
interface  is  illustrated  in  Figure  1  which  shows  the  results  of  superimposing  the 
43  PNE  event  locations,  as  well  as  the  historical  ISC  seismicity  (1988-1990)  and 
the  country  boundaries  onto  a  color-coded  surface  topography  map  of  the  former 
Soviet  Union  and  surrounding  countries.  Thus,  in  this  example,  the  display 
provides  the  analyst  with  a  quick  graphical  indication  of  which  of  the  selected 
PNE  events  are  located  in  tectonically  active  areas.  Other  functions  provided 
within  this  module  include  the  capability  to  display  the  seismic  data  and  to 
interactively  process  it  to  obtain  network-averaged,  teleseismic  P  wave  spectra 
corresponding  to  any  .selected  event. 

Once  a  final  network-averaged  P  wave  spectrum  has  been  determined  for 
an  event,  it  can  be  inverted  to  obtain  estimates  of  the  required  source  and 
propagation  path  parameters  using  a  semi-automatic  algorithm  which  has  been 
designed  to  facilitate  this  process.  In  applying  this  inversion  procedure,  the 
operator  first  selects  a  specific  source  model  (e.g.,  Mueller/Murphy  granite) 
from  the  menu  and  the  system  then  automatically  compares  the  observed 
spectrum  with  the  theoretical  P  wave  spectrum  corresponding  to  the  best-fitting 
yield  and  pP  model  parameters,  under  the  assumption  that  the  attenuation  beneath 
the  selected  PNE  site  is  the  same  as  that  beneath  the  Shagan  River  test  site.  At 
this  point,  the  module  provides  the  analyst  with  the  option  to  interactively  refine 
these  automatically  determined  values  of  the  yield,  pP  parameters  and  t*  in  order 
to  resolve  any  remaining  discrepancies  in  the  fit  to  the  observations.  That  is,  it 
permits  the  analyst  to  assess  possible  variations  in  t*  from  the  nominal  Shagan 
River  value  and  to  generally  explore  a  range  of  alternate  solutions  for  the 
explosion  under  investigation.  The  final  results  of  applying  this  yield  estimation 
analysis  procedure  to  the  43  selected  PNE  explosions  are  summarized  in  Table  1, 
where  seismic  yield  and  t*  estimates  are  listed  for  each  explosion.  Of  these  43 
explosions,  there  is  only  one  for  which  independent  yield  information  has  been 
reported  by  the  Soviets  at  this  time.  This  is  the  PNE  test  of  3/23/71,  which  is 
reported  to  have  been  a  row  cratering  (i.e.,  canal  excavation)  experiment 
consisting  of  three,  closely-spaced  15  kt  devices  fired  simultaneously.  From 
Table  1,  our  seismic  yield  estimate  for  that  event  is  35  kt,  a  value  which  is 
somewhat  lower  than  the  45  kt  total  reported  yield  of  this  experiment.  However, 
since  these  explosions  produced  a  surface  crater,  it  is  not  obvious  how  the  seismic 
coupling  for  this  event  should  relate  to  that  from  a  single  contained  explosion  of 
the  same  total  yield.  Consequently,  at  this  time  it  is  not  possible  to  quantitatively 
assess  the  accuracy  of  our  seismic  yield  estimates  for  these  PNE  explosions,  and  it 
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Table  1. 

Summary  of  Seismic  Yield  and  t*  Estimation 
Results  For  Selected  Soviet  PNE  Events 


Date 

Seismic  Yield,  kt 

t*,  sec 

03-23-71 

35 

0.53 

09-19-71 

1.7 

0.53 

10-04-71 

2.0 

0.53 

04-11-72 

5.0 

0.62 

08-20-72 

67 

0.75 

10-03-72 

45 

0.65 

11-24-72A 

3.0 

0.53 

11-24-72B 

9.0 

0.53 

08-15-73 

24 

0.65 

08-28-73 

7.0 

0.48 

09-19-73 

12 

0.68 

09-30-73 

20 

0.65 

08-14-74 

26 

0.65 

08-29-74 

5.9 

0.60 

08-12-75 

4.3 

0.53 

08-09-78 

49 

0.65 

08-24-78 

16 

0.63 

09-21-78 

15 

0.53 

10-07-78 

9.0 

0.65 

08-12-79 

8.0 

0.68 

09-06-79 

5.1 

0.53 

10-04-79 

29 

0.60 

10-08-80 

7.0 

0.53 

11-01-80 

8.8 

0.53 

12-10-80 

3.0 

0.60 

05-25-81 

22 

0.53 

09-26-81 A 

4.0 

0.53 

09-26-8  IB 

6.0 

0.53 

10-22-81 

6.1 

0.53 

07-30-82 

4.0 

0.53 

09-04-82 

11 

0.53 

09-25-82 

5.9 

0.53 

10-10-82 

10 

0.65 

07-10-83A 

8.0 

0.53 

07-10-83B 

10 

0.53 

07-10-83C 

6.0 

0.53 

07-21-84A 

5.0 

0.53 

07-21-84B 

6.0 

0.53 

07-21-84C 

6.2 

0.53 

08-11-84 

9.0 

0.53 

08-25-84 

23 

0.62 

09-17-84 

9.0 

0.53 

07-18-85 

4.1 

0.53 
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can  only  be  stated  that  the  model  fits  to  the  observed  averaged  spectra  are 
generally  well  within  the  precision  of  the  experimental  data. 

The  overall  geographical  distribution  of  t*  values  inferred  from  the 
selected  explosions  is  grapMcally  displayed  in  Figure  2,  where  it  can  be  seen  that 
most  of  the  stable  continental  interior  locations  are  associated  with  t*  values 
approximately  equal  to  the  value  of  0.53  seconds  which  has  been  inferred  for  the 
Semipalatinsk  test  site.  However,  there  are  also  some  conspicuous  geographical 
clusterings  of  higher  t*  values,  some  of  which  are  consistent  with  currently 
available  regional  geophysical  models  and  some  of  which  are  not.  An  example  of 
the  former  category  is  the  cluster  of  elevated  t*  values  in  the  southern  region 
bordering  Iran  and  Afghanistan.  With  reference  to  Figure  1,  it  can  be  seen  that 
this  cluster  coincides  with  a  tectonically  active  region  which  might  be  expected  to 
be  characterized  by  a  higher  upper  mantle  attenuation.  On  the  other  hand,  the 
presence  of  similar  clusters  of  elevated  t*  values  shown  in  the  north  central  and 
far  eastern  regions  of  Figure  2  are  harder  to  reconcile  with  what  is  known  about 
the  corresponding  regional  tectonic  environments.  The  north  central  cluster  does 
encompass  part  of  the  Ural  Mountain  chain  which  passes  through  this  area,  but 
we  are  unawai-e  of  any  published  studies  which  would  suggest  that  enhanced 
upper  mantle  attenuation  is  associated  with  this  structure.  Similarly,  while  the  far 
eastern  cluster  of  t.  ivated  t*  values  shown  in  Figure  2  is  not  far  removed  from 
areas  of  active  seismicity  near  the  China  border,  available  tectonic  maps  indicate 
that  these  explosions  were  detonated  in  c  stable  platform  region  which  would  not 
be  expected  to  be  associated  with  enhanced  upper  mantle  attenuation. 
Nevertheless,  the  seismic  data  clearly  indicate  a  significant  difference  in 
frequency  content  of  these  events  relative  to  nearby  events  outside  the  cluster. 
More  information  will  be  required  to  determine  whether  the  low  frequency 
character  of  the  teleseismic  data  recorded  from  these  clustered  events  is  actually 
associated  with  locally  elevated  t*  values  or  whether  systematic  variation  in 
source  coupling  might  be  contributing  to  this  observed  effect. 

Since  the  yield  estimates  of  Table  1  represent  a  fairly  wide  range  of 
associated  t*  values,  it  would  not  be  expected  that  they  could  all  be  reconciled 
with  a  single  mb/yield  relation.  This  inference  is  confirmed  in  Figure  3  which 
show  the  mb  values  as  a  function  of  the  corresponding  seismic  yield  estimates  for 
those  PNE  events  associated  with  inferred  t*  values  of  0.53  sec  (top)  and  for 
those  PNE  events  with  inferred  t*  values  greater  than  0.53  sec  (bottom).  It  can 
be  seen  that  the  data  for  the  former  events  tend  to  scatter  about  the  reference 
Shagan  River  mb/yield  relation,  consistent  with  inferred  t*  values  near  0.53  sec, 
while  the  data  for  the  latter  events,  which  are  associated  with  t*  values  greater 
than  0.53  sec,  fall  uniformly  below  the  reference  relation,  consistent  with  our 
approximate  model  of  mb  bias.  Note  that  in  both  these  figures  there  seems  to  be 


some  indication  of  an  mb/yield  dependence  for  these  PNE  events  which  has  a 
somewhat  steeper  slope  than  that  of  the  Shagan  River  reference  curve.  This  may 
just  be  an  indication  that  the  depths  of  burial  of  these  PNE  explosions  vary  with 
yield  in  a  different  manner  than  the  Shagan  River  explosions,  but  more  data  will 
be  required  before  any  firm  conclusions  can  oe  drawn. 


Conclusions  and  Recommendations 


Comprehensive  samples  of  teleseismic  P  wave  data  recorded  from  43 
selected  Soviet  PNE  tests  have  been  collected  and  analyzed  to  obtain  network- 
averaged  P  wave  spectra  corresponding  to  each  explosion.  These  spectra  have 
been  inverted  to  obtain  estimates  of  yield,  pP  parameters  and  t*  using  a  model- 
based  spectral  analysis  system  which  has  been  implemented  specifically  for  this 
project.  The  graphical  distribution  of  these  derived  t*  values  has  been 
investigated  in  a  preliminary  fashion  and  it  has  been  shown  that,  while  there  is 
some  general  correlation  of  these  values  with  the  locations  of  previously  mapped 
tectonic  regions,  there  also  exist  some  anomalous  regions  of  elevated  apparent 
attenuation  which  will  require  further  investigation.  That  is,  it  has  been 
concluded  that  more  information  will  be  required  to  determine  whether  the  low 
frequency  character  of  the  teleseismic  data  recorded  from  explosions  in  these 
anomalous  regions  is  actually  associated  with  locally  elevated  t*  values,  or 
whether  systematic  variations  in  source  coupling  might  be  contributing  to  this 
observed  effect.  Work  is  currently  in  progress  to  analyze  P  wave  spectral  data 
from  a  more  complete  set  of  these  PNE  events  in  order  to  better  define  the  actual 
variations  in  t*  and  other  yield  estimation  parameters  as  a  function  of  location 
throughout  the  sampled  regions  of  the  former  Soviet  Union. 
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Figure  1.  Selected  PNE  event  locations  (large  squares)  with  respect  to  regional  seismicity 
(small  squares),  shown  as  overlays  to  a  color-coded  topographic  map  of  the  former  Soviet 
Union  and  surrounding  countries. 


Figure  2.  Map  display  of  the  geographical  distribution  of  derived  t*  values  for  the  43  selected 
Soviet  PNE  tests. 
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Figure  3.  Comparisons  of  derived  mb/yield  values  for  Soviet  PNE  tests  associated  with 
estimated  t*  values  equal  to  (top)  and  greater  than  (bottom)  the  value  of  0.53  sec  associated  with 
the  nominal  Semipalatinsk  mp/yield  relation  (solid  line). 
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The  basic  objective  of  NORSAR's  array  program  has  been  to  provide  high-quality  data  for  use  in 
seismologicai  verification  research,  as  well  as  to  develop,  test  and  implement  methods  to  improve 
the  detection,  location  and  identification  of  low-magnitude  events.  In  this  work,  techniques  that 
may  be  useful  in  the  further  development  of  the  Intelligent  Monitoring  System  (IMS)  are  of  partic¬ 
ular  interest 

This  paper  summarizes  the  status  of  development  of  the  network  of  small-aperture  arrays  in  north¬ 
ern  Europe  that  provides  seismic  data  to  the  IMS  operated  at  NORS  AR,  and  the  focus  is  on  the  two 
new  arrays  on  the  Kola  Peninsula  of  Russia  and  on  the  Arctic  island  of  Spitsbergen.  The  paper  also 
contains  an  assessment  of  the  current  performance  of  the  IMS,  based  on  results  from  thorough 
analysis  of  the  automatic  IMS  results  for  a  one-week  evaluation  period.  Finally,  we  summarize 
work  related  to  the  development  of  a  method  for  improved  determination  of  phase  arrival  times, 
and  the  use  of  region-specific  knowledge  to  provide  event  definitions  of  a  quality  that  minimizes 
the  need  for  subsequent  analysis  and  review.  The  methodologies  developed  are  well  suited  for 
implementation  in  the  IMS. 


Research  accomplished 
Status  of  network  development 

The  network  of  regional  arrays  in  northern  Europe  contributing  data  to  NORSAR  is  shown  in 
Fig.  1.  The  networir  currently  comprises  the  NORESS  and  ARCESS  arrays  in  Norway,  the 
FINESA  array  in  Finland,  the  GERESS  array  in  Germany,  as  well  as  the  two  arrays  established  in 
the  fall  of  1992  near  Apatity  on  the  Kola  Peninsula  of  Russia,  and  on  the  Arctic  island  of  Spitsber¬ 
gen.  The  NORESS,  ARCESS  and  GERESS  arrays  are  operating  in  stable  modes  and  there  are  no 
current  plans  for  modifications  of  these  arrays.  For  the  FINESA  array,  the  University  of  Helsinki 
has  started  extensive  field  work  in  preparation  for  a  significant  upgrade  of  the  field  data  acquisition 
system. 

As  part  of  an  agreement  on  scientific  cooperation  between  NORSAR  and  the  Kola  Science  Centre 
of  the  Russian  Academy  of  Sciences,  a  1  km  aperture  array  was  installed  in  late  September  1992 
approximately  17  km  to  the  west  of  the  town  of  Apatity.  The  nine  seismometer  sites  are  on  two 
concentric  rings  and  one  in  the  center.  All  instrument  sites  are  equipped  by  a  short  period  vertical 
seismometer  of  type  Geotech  S-500,  and  the  site  at  the  array  center  has  in  addition  two  horizontal 
seismometers  of  the  same  type.  The  data  are  transmitted  from  the  seismometers  to  the  central  array 
site  via  buried  cables,  digitized  at  the  central  array  site  and  then  sent  via  radio  to  the  Kola  Regional 
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Seismological  Centre  (KRSQ  in  Apatity,  where  an  array  controller  collects  and  timetags  the  data. 
The  digitizers  used  are  of  types  Nanometrics  RD-3  and  RD-6,  both  of  which  are  16-bit  converters 
with  gairi'ranging.  In  addition  to  this  array,  a  three-component  broadband  seismometer  was 
installed  in  the  KRSC  building  in  Apatity  The  seismometer  is  of  type  Guralp  CMG-3T,  and  these 
data  are  also  digitized  using  a  Nanometrics  RD-3  digitizer  Timing  throughout  the  system  is  based 
on  reception  of  GPS  signals.  A  computer  system  with  Sun  Sparcstations  and  peripherals  installed 
at  the  KRSC  allows  its  staff  to  perform  on-line  processing  as  well  as  interactive  analysis  of  the 
data  recorded  by  the  Apatity  installations.  A  dedicated  64  Kbps  full  duplex  satellite  link  connects 
NORSAR  and  the  KRSC.  Using  this  link,  data  recorded  at  the  Apatity  installations  are  made  avail¬ 
able  to  the  IMS  at  NORSAR.  Conversely,  all  data  recorded  at  NORSAR  from  the  other  arrays  of 
the  network  can  be  retrieved  by  the  KRSC  personnel. 

Our  preliminary  analysis  indicates  that  the  Apatity  array  represents  an  important  extension  to  the 
seismic  array  network  in  nonhem  Europe,  both  for  regional  and  teleseisir.ic  event  analysis.  Its 
inclusion  into  IMS  has  served  to  improve  the  location  precision  of  the  lar. :  number  of  events  in 
the  Kola  Peninsula  and  adjacent  areas.  While  the  noise  level  at  the  Apatity  array  at  high  frequen¬ 
cies  is  slightly  higher  than  that  of  the  other  Fennoscandian  arrays,  its  noise  suppression  capability 
matches  that  of  ARCESS  and  NORESS  (see  Fig.  2).  The  noise  suppression  is  of  the  order  of  Jn 
above  5  Hz,  and  better  than  this  in  the  range  3-5  Hz.  It  thus  appears  that  the  spatial  characteristics 
of  the  noise  field  at  Apatity  are  similar  to  those  found  in  other  areas  of  Fennoscandia  and  the  Baltic 
Shield. 

A  small-aperture  array  with  a  configuration  very  similar  to  that  of  the  Apatity  array  was  installed 
on  the  island  of  Spitsbergen  in  early  November  1992.  The  array  is  sited  on  rocks  of  Cretaceous 
age,  approximr.cely  15  km  east  of  Longyearbyen,  which  is  the  main  settlement  on  Spitsbergen. 
Power  at  the  opitsbergen  array  is  provided  through  the  use  of  two  windmills  that  deliver  12  V  DC 
through  a  battery  bank.  The  <ktz  are  digitized  using  Nanometrics  RD-6  units  and  then  transmitted 
via  radio  to  the  array  controller  located  in  Longyearbyen.  From  Longyearbyen,  the  Spitsbergen 
array  data  are  transmitted  to  NORSAR  via  a  simplex  64  Kbps  satellite  Unk  and  thus  provide 
another  source  of  information  for  the  IMS. 

Preliminary  analysis  of  data  from  the  Spitsbergen  array  has  revealed  a  large  variation  in  signal  and 
noise  amplitudes  across  the  sensors.  Fi^er  investigations  are  needed  in  order  to  determine  the 
reason  for  this  variation,  and  it  may  prove  necessary  to  redeploy  one  or  more  of  the  array  sensors. 
Site  B2  in  this  array  exhibits  a  particularly  favorable  signal  frxnising  for  nearly  all  arrivd  azi¬ 
muths.  Initial  studies  of  the  noise  charaaeristics  show  that  the  noise  is  quite  stable  over  dme,  espe¬ 
cially  at  high  frequencies.  Also,  the  noise  amplitudes  at  high  frequencies  seem  to  be  similar  across 
the  array,  in  contrast  to  the  large  variation  seen  at  low  frequencies. 

An  evaluation  of  the  performance  of  IMS 

Data  from  the  network  of  six  arrays  described  above  are  processed  jointly  by  IMS.  IMS  is 
described  in  Bache  (1993).  One  of  the  basic  objectives  of  IMS  is  to  provide  automatic  event  defini¬ 
tions  of  a  quality  that  significantly  reduces  the  burden  on  the  seismic  analyst.  Operational  experi¬ 
ence  with  IMS  is  thus  taken  into  account  to  produce  enhancements  to  the  system  that  result  in 
performance  improvements.  NORS/\R  has  tried  to  assist  in  this  process  by  undertaking  evalua¬ 
tions  of  IMS  performance  following  the  release  of  new  versions  by  SAIC,  the  system  developer  A 
recent  evaluation  was  conducted  for  the  7-day  period  26  April  -  2  May  1993  and  focused  on  the 
performance  of  the  ESAL  (Expert  System  for  Association  and  lxx:ation)  element  of  IMS  through 
detailed  study  and  characterization  of  all  events  automatically  declared  by  IMS. 

Our  main  impression  from  this  assessment  is  that  the  overall  performance  of  IMS  is  now  very  sat¬ 
isfactory.  About  80%  of  the  events  automatically  declared  by  IMS  were  real  events  with  IMS  solu¬ 
tions  that  were  rated  acceptable  in  the  sense  that  no  or  only  minor  changes  had  to  be  made  during 
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t  .e  analyst  review  process.  Also,  the  rules  for  automatic  phase  identification  in  ESAL  now  appear 
to  work  very  well. 

There  is.  however,  still  room  for  some  improvements  in  IMS.  About  20%  of  the  events  declared  by 
IMS  were  false.  For  a  number  of  these  false  events,  it  appears  that  parametric  information  (phase 
velocities,  signal  frequency  content)  was  available  to  IMS  that  should  have  permitted  ESAL  to 
automatically  rejea  them.  Some  events  found  in  reference  bulletins  were  missed  by  IMS,  even 
though  IMS  had  information  that  should  make  it  possible  for  ESAL  to  fonn  these  events.  Events 
missed  by  IMS  represent  a  potentially  more  serious  problem  than  that  of  the  false  events.  Due  to 
the  large  amounts  of  data  processed  by  the  IMS  and  the  limited  manpower  resources  available  for  . 
interactive  analysis  of  the  automatic  IMS  results,  it  is  unlikely  that  the  analyst  review  process  will 
pick  up  the  events  missed  by  ESAL.  It  is  therefore  necessary  to  have  a  close  look  at  ESAL  to  rec¬ 
tify  the  problem  of  missing  events.  It  should  be  noted  though  that  all  except  one  of  the  regional 
events  missed  by  IMS  during  the  test  period  were  very  small  events  detected  on  one  array  only. 

Intelligent  post-processing  of  seismic  events 

From  experience  with  analyst  review  of  events  automatically  defined  by  the  IMS,  we  have  realized 
that  the  quality  of  the  automatic  event  locations  can  be  significantly  improved  if  the  event  intervals 
are  reprocess^  with  signal  processing  parameters  tuned  to  phases  from  events  in  the  given  region. 
The  tuned  processing  parameters  are  obtained  from  off-line  analysis  of  events  located  in  the  region 
of  interest  The  primary  goal  of  such  intelligent  post-processing  is  to  provide  event  definitions  of  a 
quality  that  minimizes  the  need  for  subsequent  analysis  and  review. 

The  first  step  in  this  post-processing  is  to  subdivide  the  area  to  be  monitored  in  order  to  identify 
sites  of  interest  Dearly,  calibration  will  be  easiest  and  potential  savings  in  manpower  arc  largest 
for  areas  with  high,  recurring  seismic  activity.  We  have  identified  8  mining  sites  in  Fennoscandia/ 
W.  Russia/Estonia  and  noted  that  65.6  per  cent  of  the  events  of  Ml  >  2.0  in  this  region  can  be  asso¬ 
ciated  with  one  of  these  sites.  This  result  is  based  on  1  1/2  years  of  data. 

The  second  step  is  to  refine  the  phase  arrival  time  and  azimuth  estimates  using  frequency  filters 
and  processing  parameters  that  are  tuned  to  the  initial  event  location  provided  by  the  IMS.  We 
have  studied,  as  a  first  example,  a  set  of  58  events  from  the  Khibiny  Massif  in  the  Kola  peninsula. 
Veiy  accurate  locations  of  these  events  has  been  provided  by  the  I®SC.  Our  refinement  of  phase 
arrival  times  for  these  events,  as  recorded  in  Apatity  and  at  ARCESS,  have  given  quite  rema^able 
results.  Using  the  autoregressive  likelihood  technique  of  Pisarenko  et  al  (1987)  we  have  been  able 
to  estimate  onset  times  automatically  to  an  accuracy  (standard  deviation)  of  about  0.05  s  for  P- 
phases  and  0. 15-0.20  s  for  S-phases,  as  seen  from  Table  1.  These  accuracies  are  as  good  as  for  ana¬ 
lyst  picks,  and  are  considerably  better  than  in  the  ourent  SigPro  analysis,  used  by  IMS.  This  can 
te  seen  in  Fig.  3. 

The  third  step  in  the  post-processing  is  a  recomputation  of  the  location  estimate,  using  the  refined 
arrival  times  and  broad-band  azimuths  associated  with  a  fixed  frequency  band  (tied  to  the  initial 
IMS  location).  Again  using  the  set  of  58  known  Khibiny  Massif  events  as  a  reference,  we  have 
investigated  the  accuracy  of  the  LoeSat  location  procedure  (Bratt  &  Bache,  1988)  using  varying 
amounts  of  regional  corrections,  as  exemplified  by  the  following  two  scenarios. 

Scenario  1 )  Using  P  arrivals,  S  arrivals  and  Rg  azimuths  at  the  Apatity  array,  without  applying 
any  regional  corrections. 

Scenario  2)  Using  P  arrivals  and  S  arrivals  at  both  the  Apatity  array  and  tlie  Apatity  broadband 
three-component  station,  and  Rg  azimuths  at  the  Apatity  array,  all  with  regional 
corrections,  i.e.,  systematic  biases  removed. 
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Fig.  4  shows  the  location  results  for  scenarios  1  and  2.  In  both  scenarios,  excellent  location  accu¬ 
racy  is  achieved,  with  a  median  location  error  of  3.1  km  for  scenario  1  and  1.4  for  scenario  2.  This 
should  be  compared  to  the  median  error  of  10.6  km  for  the  automatic  IMS  processing  for  these 
events,  and  clearly  demonstrated  the  usefulness  of  the  refined  arrival  times  and  the  regional  correc¬ 
tions  introduced. 

After  we  have  established  the  tuned  processing  parameters  for  events  in  this  region,  a  natural  next 
step  will  be  to  automatically  activate  such  intelligent  post-processing  every  time  the  IMS  locates 
an  event  in  the  Khibiny  region. 


Cnnchirinns  and  recommendations 

In  our  view,  the  deployment  of  advanced  small-apermie  arrays  and  the  associated  development 
and  implementation  of  automated  and  increasingly  powerful  data  processing  techniques  (as  exem¬ 
plified  by  the  IMS)  represent  major  advances  in  seismic  monitoring  in  recent  years.  Our  assess¬ 
ment  of  IMS  is  that  is  has  now  advanced  to  a  mature  stage,  but  there  is  still  room  for  some 
improvement  in  the  event  formation  process.  We  have  also  demonstrated  the  potential  of  improved 
event  definitions  in  IMS  by  refining  the  phase  arrivals  times  and  taking  regional  calibration  data 
into  account  Additional  research  along  these  lines  and  subsequent  implementation  into  IMS  of 
appropriate  procedures  is  needed  in  order  to  fully  exploit  the  potential  of  the  array  network  data. 
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^maaoal 

^aatonutic 

P,  Apatity  array 

0.04  s 

0.04  s 

P,  Apatity  3-comp. 

0.06  s 

0.05  s 

Pn,  ARCESS 

0.06  s 

0.05  s 

S,  Apatity  array 

0.19  s 

0.19  s 

S,  Apatity  3-comp.  . 

0.13  s 

0.15  s 

Table  1.  Estimated  standard  deviations  of  manual  and  automatic  (using  the  Pisarenko  et  al  (1987) 
approach)  P-  and  S-onsets  at  the  Apatity  array  and  the  Apatity  broadband  3-component  sta¬ 
tion,  and  Pn-onsets  at  ARCESS. 
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Mean:  -0.132 
SLDev:  0.1287 


SigPro  -  ManujJ  P-onset  (s) 


0.0755 

0.0317 


Estoni  -  Manual  P-onset  (s) 


Fig.  3.  The  two  plots  show  the  time  differences  between  automatic  P-onsets  and  the  manual  pick  at 
the  ARCKS  array  as  a  function  of  SNR,  for  58  Khibiny  Massif  events.  The  plot  at  t^  top 
shows  the  time  differences  between  the  automatic  P-onsets  used  by  the  IMS  (fiom  SigPro) 
and  the  manual  picks,  whereas  the  bottom  plot  shows  the  time  difference  between  the  auto¬ 
matic  P-onsets  tom  the  Pisarenko  et  al  (1987)  method  (ESTONI)  and  the  manual  picks. 
The  two  vertical  lines  represent  ±  2a. 
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Scenario  1 


33' 30*  34*00' 


Scenario  2 


6r42* 


6r36* 


Fig.  4.  The  middle  part  of  the  figure  shows  the  location  of  the  six  mining  sites  in  the  Khibiny  Mas- 
sif  (large  numbers  1-6)  and  the  location  of  the  58  reference  events  (small  numbers  1-6) 
located  according  to  tlie  assumptions  for  Scenario  1  (see  text).  The  lower  part  of  the  figure 
has  the  same  meaning  as  the  middle  part,  but  now  the  reference  events  are  located  according 
to  assumptions  for  Scenario  2.  In  the  upper  part  of  the  figure,  a  larger  reference  area  is 
shown,  v/ith  the  mines  plotted  as  filled  squares.  Tlie  location  of  the  Apatity  array  and  the 
Apatity  broadband  3-component  station  are  also  shown. 
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CONTRACT  NO.  F49620-92-J-0475 

OBJECTIVE:  Analysis  of  Asian  crust  and  upper  mande  velocity  structure 
RESEARCH  ACCOMPLISHMENTS: 


The  Yamal  Peninsula  -  Lake  Baikal  DSS  ptDfile:  Seismograms  from  three  nuclear  explosions  and 
thirty-four  chemical  explosions  recorded  along  a  2400-km  long  deep  seismic  sounding  profile 
extending  across  the  Siberian  Platform  from  the  Yamal  Peninsula  to  Lake  Baikal  (Fig.  1)  are  being 
analyzed  to  determine  the  upper  mande  structure  beneath  this  region.  The  northernmost  nuclear 
shcr  (SP245)  was  located  in  the  West  Siberian  rift,  a  deep  sedimentary  basin  on  the  northwest  edge 
of  the  Siberian  Platform,  The  central  nuclear  shot  (SP173)  was  located  in  the  Tunguss  Basin, 
approximately  700  km  southeast  of  SP245.  The  southernmost  nuclear  shot  (SP35)  was  located 
250  km  northwest  of  Lake  Baikal.  Each  nuclear  shot  was  recorded  at  about  200  sites  each 
equipped  with  a  "Taiga"  seismic  system  (Chichinin  et  al.,  1969).  The  sensors  have  a  natural 
frequency  of  1,5  Hz,  and  the  recording  system  has  a  usable  bandwidth  between  0.5  to  20  Hz. 
Chemical  explosions  (3000-5000  Kg  each)  were  detonated  at  approximately  70  to  100  km  intervals 
along  the  profile  and  the  length  of  these  reversed  profiles  are  250-300  km. 

Crustal  arrivals  are  prominent  at  shon  ranges,  especially  the  Pg  phase.  The  mande  refraction 
(Pn)  is  observed  as  a  first  arrival  at  epicentral  distances  of  150  to  200  km.  It  appears  as  a  weak 
arrival  in  Figures  2  but  is  clearly  seen  in  the  digital  data.  The  first  arrival  has  a  variable  amplitude 
and  arrival  time  at  longer  ranges.  Since  these  can  be  correlated  over  several  hundred  kilometers, 
we  believe  they  reflect  variations  in  the  lithospheric  structure.  Amplimde  variations  are  complex. 
For  example,  in  the  distance  range  1300  to  1500  km  for  SP245  (Fig.  2a),  the  high  amplitude 
arrival  that  follows  the  first  arrival  at  1300  km  progressively  move  forward,  becoming  the  first 
arrival  at  1500  km,  a  pattern  characteristic  of  a  reflection  from  a  high-velocity  layer.  Other  similar 
features  in  the  data  suggest  complex  layering  within  the  upper  mande.  Some  of  these  observations 
may  be  due  to  lateral  variations  in  structure.  Arrivals  from  the  mande  transition  zone  can  be 
observed  at  longer  ranges,  particularly  in  the  SP245  profile  (Fig.  2a).  The  reflection/refraction 
from  the  425-km  discontinuity  is  a  clear  secondary  arrival  beginning  about  1700  km,  becoming  the 
first  arrival  by  2200  km.  There  is  a  strong  reflection  from  the  660-km  discontinuity  at  21(W-  to 
2300-km  range  and  12-sec  reduced  time.  Also  notable  is  the  considerable  difference  between  the 
record  section  for  SP245  (Fig.  2a)  and  SP35  (Fig.  2c)  at  comparable  ranges  (1700  to  2200  km). 
Whereas  the  SP245  data  indicates  strong  arrivals  from  transition  zone  discontinuities,  the  SP35 
data  do  not  show  such  prominent  arrivals.  At  this  stage  it  is  unclear  whether  this  observation  is  the 
result  of  lateral  variation  in  the  mande  structure  or  some  cnistal  feature  that  masks  the  arrivals. 

The  observations  shown  in  Figure  2  constitute  one  of  the  most  complete  and  detailed  sets  of 
regional  seismic  data  available  in  the  western  literature.  We  have  constructed  a  preliminary  1-D 
compressional  velocity  model  to  fit  the  major  travel  time  and  amplitude  features  of  the  data.  The 
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dominant  frequency  of  the  P-wave  is  2  Hz  giving  a  resolution  of  2-4  km.  The  starting  model  was 
KCA  modified  with  a  crustal  secrion  that  more  closely  agrees  with  the  close-in  observations. 
Crustal  thickness  ranges  from  47  km  beneath  the  West  Siberian  rift  to  42  km  beneath  the  Siberian 
craton.  However,  our  model  assumes  the  same  crust  along  the  entire  profile.  Figure  3  compares 
the  observed  travel  times  with  those  calculated  for  the  RJFT-245  model  (Table  1).  The  mantle 
above  the  transition  zone  consists  of  material  with  P-wave  velocities  ranging  from  8.25  km/s  at  the 
Moho  to  8.53  km/s  at  225  km.  At  225-km  depth,  velocities  increase  abruptly  to  8.63  km/s. 
Superimposed  on  this  large  scale  structure  are  finer  features,  such  as  the  strong  gradient  between 
\\1-  and  123-km  depth,  that  produces  the  triplication  at  about  lCKX)-km  range.  There  is  little 
evidence  for  a  pronounced  LVZ  as  is  found  in  K8,  although  small  velocity  reversals  are  required  to 
terminate  several  branches  of  the  travel  time  curve.  The  worst  fit  (up  to  1.5-sec  discrepancy)  is  in 
the  distance  range  700-  to  1000-km.  Extensive  modeling  of  the  high-phase  velocity  segment  A-A’ 
(Fig.  3)  indicates  velocities  near  8.58  km/s  at  75-km  depth.  Since  this  branch  is  not  observed  on 
other  record  sections,  we  believe  it  may  be  a  high-velocity  body  of  hmited  lateral  extent  that  cannot 
be  modeled  by  the  1-D  calculations.  First  and  prominent  second  arrival  times  for  SP245  are 
plotted  in  Figure  3.  The  transition  zone  is  similar  to  other  upper-mantle  models.  The  upper 
discontinuity  lying  at  425-km  depth  is  modeled  as  a  sharp  discontinuity  with  a  velocity  increase  of 
5.6%.  The  strong  reflection  from  the  lower  discontinuity  is  best  modeled  as  a  4.9%  velocity 
increase  over  the  depth  range  656.5-  to  659-km.  The  velocity  gradient  below  the  425-km 
discontinuity  is  well  constrained  by  a  set  of  strong  arrivals.  Similar  arrivals  cannot  be  seen  from 
the  660-km  discontinuity,  indicating  a  weak  gradient  below  660  km. 


Seismic  studies  in  the  Caspian  Sea  region:  Tne  Caspian  Sea  region  is  geologically  interesting  be¬ 
cause  existing  seismic  data  suggest  that  south  Caspian  Basin  has  an  ’’oceanic"  crust  surround^  by 
regions  of  typical  continental  crust.  If  this  is  true,  it  is  puzzling  how  a  section  of  "oceanic"  crust 
could  maintain  its  integrity  and  remain  unsubducted  for  long  periods  of  time  in  a  dominantly  com- 
pressional  environment.  From  a  seismic  discrimination/verification  point  of  view,  this  region  is 
important  because  there  are  a  number  of  countries  in  the  Middle  East  that  have  a  possible  nuclear 
capability.  The  Lg  phase,  proven  to  be  an  effective  discrimination/yield  estimation  phase,  does  not 
propagate  well  across  the  Caspian  Basin  thus  preventing  or  at  least  greatly  reducing  its  use. 
During  the  summer  1993  we  installed  five  broadband  seismographs  in  the  region  surrounding  tlie 
south  Caspian  Basin,  two  in  Azerbaijan  and  three  in  Turkmenistan(Fig  4).  A  sixth  instrument  will 
be  installed  in  September,  1993.  Each  seismograph  consist  of  a  Gurlap  CMG-3T  seismometer,  a 
Refraction  technology  72A-02  data  logger  and  an  Omega  time  code  receiver.  All  stations  are 
located  at  pre-existing  short  period  seismograph  sites  There  are  two  goals  of  this  experiment:  to 
better  define  the  complex  crust  and  upper  mantle  structure  in  this  area;  and  to  better  understand 
regional  seismic  wave  propagation  from  events  in  the  Middle  East 


CONCLUSIONS  AND  RECOMMENDATIONS: 

We  have  presented  record  sections  from  three  nuclear  explosions  detonated  in  central  Siberia. 
Forward  modeling  of  the  observed  arrival  times  and  amplitudes  indicates  an  important  change  in 
the  mantle  at  225-km  depth  where  the  P-wave  velocities  increase  from  8.53  to  8.63  km/s.  The 
transition  zone  is  similar  to  other  models  of  the  upper  mantle.  The  reversed  and  overlapping 
coverage  afforded  by  this  data  set  will  allow  a  detailed  view  of  the  central  Siberian  upper  mantle. 
The  purpose  of  this  report  is  to  show  the  potential  of  the  data,  compare  it  to  prediction  of  existing 
Asian  mantle  models,  and  to  provide  a  1-D  reference  model  for  future  2-D  interpretation.  We  plan 
to  extend  this  analysis  with  the  use  of  synthetic  seismograms  to  better  constrain  the  velocity 
gradients  and  attenuation,  and  with  2-D  ray  tracing  to  refine  what  is  clearly  laterally  varying 
structure  in  the  upper  mantle.  Five  broad-band  seismographs  have  ’^een  installed  around  the 
Caspian  Sea  and  a  sixth  will  be  installed  soon.  Data  from  thes-  instruments  will  allow 
determination  of  the  velocity  structure  of  the  south  Caspian  basin  and  the  characterization  of 
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regional  seismic  wave  propagation  in  the  region. 
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Table  1.  RIFT-245  Reference  Model 


Depth 

(km) 

P-wave  Velocity 
(km/s) 

Depth 

(km) 

P-wave  Velocity 
(km/s) 

0.0 

3.5 

225.0 

8.53 

11.0 

5.1 

225.0 

8.63 

11.0 

6.35 

325.0 

8.64 

19.8 

6.35 

350.0 

8.68 

19.8 

6J 

375.0 

8.69 

24.8 

6.9 

400.0 

8.70 

24.8 

7.0 

425.0 

8.90 

43.9 

7.5 

425.0 

9.40 

44.0 

8.25 

520.0 

9.65 

75.0 

8.27 

550.0 

9.88 

108.0 

8.3 

656.5 

10.15 

117.0 

8.28 

659.0 

10.65 

123.0 

8.5 

800.0 
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145.0 
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Figure  4.  Station  locations  in  the  South  Caspian  basin  region. 
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Objectives 

The  objective  of  this  research  is  to  develop  a  methodology  for  regional  seismic  event 
identification  in  Eurasia.  Our  adopted  methodology  is  termed  a  hybrid  machine 
learning  approach,  because  it  combines  observational  seismology  with  classical 
pattern  recognition,  statistical  analysis,  and  modern  classifiers  such  as 
backpropagation  neural  networks.  The  goal  of  the  effort  is  to  apply  this  methodology 
to  the  automatic  identification  of  seismic  events  recorded  by  the  Intelligent 
Monitoring  System  (IMS).  The  methodology  is  adaptable,  and  the  identification 
scheme  can  be  retrained  for  new  geographic  areas  or  stations  where  source  and 
propagation  effects  may  differ. 


Research  Accomplished 

Explanation  of  the  Term  Hybrid  Machine  Learning 

Machine  learning  refers  to  the  process  by  which  computers  form  relationships 
between  data  and  results  without  human  programming.  It  is  akin  to  forward 
mathematical  modeling  without  the  constraint  of  a  modeP .  Machines  can  be  trained 
to  learn  the  relationships  using  either  supervised  or  unsupervised  learning.  In 
supervised  learning,  the  machine  is  given  both  the  data  and  the  results  and  then 
learns  the  relationship.  In  unsupervised  learning,  the  machine  is  given  only  the  data 
and  then  learns  both  the  results  and  the  relationships. 

Because  it  is  in  general  an  unsolved  problem,  seismic  event  identification  has  always 
been  a  good  candidate  for  machine  learning  experiments.  But  since  seismic  data 
spans  such  a  large  range  of  size  and  type  (waveform,  parameter,  ancillary),  the 


^  This  is  a  slight  exaggeration.  In  the  case  of  a  multilayered  perceptron  (neural  network)  the  model 
consists  of  connections  between  a  large  number  of  nodes.  The  ouput  of  each  node  is  the  dot  product  of  its 
inputs  and  the  weights  connecting  it  to  the  other  nodes,  which  is  then  mput  to  a  nonlinear  function,  such 
as  a  sigmoid.  The  model  is  in  effect  a  large  nonlinear  transfer  function.  The  weights  are  determined 
through  training  (learning).  A  general  reference  for  this  field  is  Lippman  (1987). 
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application  of  machine  learning  can  sometimes  lead  to  a  machine  that  has  learned 
irrelevant  information  or  artifacts  of  the  data  unrelated  to  the  problem  being  solved. 
Overfitting  of  the  data  is  another  problem;  a  large  enough  machine  can  fit  any 
dataset  with  relarioriships  that  make  no  physical  sense. 

To  mitigate  these  potential  problems,  we  have  adopted  a  hybrid  approach  which 
combines  techniques  of  statistics  and  classical  pattern  recognition  with  machine 
learning.  The  goal  is  to  minimize  the  number  of  input  parameters,  use  only  relevant 
parameters  whose  distributions  provide  the  greatest  class  separability,  and  use  the 
smallest  possible  machine  (neural  network)  to  learn  the  identification  procedure. 

Summary  of  Earlier  Work 

Our  early  work  focused  on  the  compilation  of  independently  identified  seismic 
events  for  training  and  testing.  Most  of  the  events  were  located  in  Scandinavia  and 
recorded  by  the  NORESS  array;  102  events  were  included  in  the  first  analysis. 

The  Mahalanobis  Distance^  was  used 
to  rank  the  parameters;  the  most 
important  parameters  for  event 
identification  were  foimd  to  be  the 
PnlLg  spectral  ratio  from  5-10  Hz, 
the  Pn/Sn  spectral  ratio  from  2-5  Hz, 
the  mean  cepstral  variance,  and  the 
Pn/Sn  wideband  spectral  ratio. 
Principal  Components  Analysis 
(Jackson,  1991)  was  used  to  estimate 
the  dimensionality  of  the  data  and 
aid  in  neural  network  design.  The 
chosen  backpropagation  neural 
network  architecture  is  shown  in 
Figure  I.  A  complete  description  of 
this  effort  is  given  in  Pulli  and 
Dysart  (1992). 


Analysis  of  the  CSS  Ground-Truth  Database 

The  compilation  of  a  ground-truth  database  is  often  the  most  difficult  and  time 
consuming  part  of  any  machine  learning  experiment.  Forhmately,  Grant  et  al.  (1993) 
are  currently  compiling  such  a  database,  known  as  the  CSS  Ground-Truth  Database. 
This  database  actually  consists  of  three  separate  databases,  called  the  Vogtland, 


Pn/Sn  broadband 
Pn/Sn  2-5  Hz 
Pn/Sn  5-10  Hz 
Pn/Sn  10-20  Hz 
Pn/Lg  broadband 

Pn/Lg  2-5  Hz 
PrVLg5-10Hz 
Pn/Lg  10-20  Hz 
Pn  Cepvariance 
Sn  Cepvariance 


Input  Hidden  Output 

Layer  Layer  Layer 


Figure  1.  Architecture  of  backpropagation  neural 
network  used  for  event  identification. 


2  Difference  in  class  means  divided  by  sum  of  class  variances. 


306 


Steigen,  and  Lubin  databases.  Each  database  consists  of  parameters  and  waveforms 
for  events  with  independently  verified  source  types.  As  of  this  writing,  we  have 
examined  two.of  the  three  databases. 

Vogtland:  The  Vogtland  database  consists  of  11  earthquakes  and  16  quarry  blasts 
located  in  northwest  Bohemia,  Czech  Republic.  All  of  the  events  were  recorded  by 
the  GERE5S  array'  Figure  2  shows  unfiltered  seismograms  for  two  of  the  events. 
Mote  the  difference  in  the  amplitude  ratio  of  P-to-Lg  for  the  sample  explosion  (Event 
17)  and  earthquake  (Event  9).  This  difference  is  consistent  for  all  of  the  events  in  the 
database,  making  visual  classification  of  source  type  very  easy. 


Figure  2.  Examples  of  typical  quarry  explosion  (Event  17)  and  earthquake  (Event  9)  from  the  GTDB 
Vogtland  database.  Note  the  difference  in  amplitude  ratios  of  P/Lg.  Data  are  unfiltered. 


This  observation  is  quantified  on  an  event-by-event  basis  in  Figure  3.  The  wideband 
P/Lg  spectral  ratios  are  close  to  unity  for  the  explosions,  while  the  values  for 
earthquakes  are  closer  to  0.5.  As  a  test  of  identification  capability  for  events  in  a  new 
geographic  area,  spectral  parameters  extracted  from  these  events  were  input  to  the 
trained  neural  network  of  Figure  1.'^  All  of  the  events  were  correctly  identified.  An 
interesting  observ^ation  is  that  the  cepstral  variance  of  P  and  Lg  for  the  explosions  is 
generally  lower  than  is  seen  for  explosions  around  NORESS.  This  is  likely  due  to  less 


^  Waveform  data  at  GERESS  often  includes  spikes  and  dropouts.  These  problems  are  usually 
undetectable  on  filtered  waveform  data,  but  must  be  eliminated  from  array-averaged  spectral 
estimates  used  for  classification  experiments.  Users  are  urged  to  review  the  raw  data  channel-by- 
channel  before  parameter  extraction,  the  current  authors  can  provide  this  mformation  for  all  of  the 
GTDB  events  to  interested  researchers. 

None  of  the  Vogtland  events  were  used  to  train  the  neural  network. 
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use  of  ripple  firing  in  the  blasts.  However,  the  network  still  correctly  classified  all  of 
the  events. 


Figure  3.  PfLg  spectral  ratios  for  12  explosions  (X's)  and  8  earthquakes  (E's)  in  the 


GTDB  Vogtland  dataset.  Dotted  lines  indicate  average  values  across  the  band. 
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Lubin:  The  Lubin  database  consists  of  31  mining-induced  tremors  in  the  Lubin 
Copper  Basin  of  western  Poland.  This  is  an  interesting  dataset,  because  the 
seismograms  .and  associated  spectral  features  clearly  fall  into  two  classes,  even 
though  the  event  types  are  presumably  all  the  same.  Figure  4  shows  unfiltered 
seismograms  for  Events  67  and  68.  Note  that,  as  in  the  Vogtland  dataset,  there  is  a 
visible  difference  in  the  P/Lg  amplitude  ratios  for  the  two  events.  The  observation 
illustrated  in  Figure  3  for  Vogtland  also  holds  for  Lubin^. 

Spectral  parameters  extracted  from  these  events  were  input  to  the  neural  network  of 
Figure  1.^.  Half  of  the  events  were  identified  as  earthquakes,  and  half  as  explosions. 
Did  the  neural  network  fail  this  identification  test? 

Hasegawa  et  al.  (1989)  provide  a  review  of  mining-induced  seismicity  in  Canada,  and 
cite  various  mechanisms  for  the  activity.  These  include  rockbursts  from  the  face  of  a 
quarry  wall  and  tectonic  movement  on  a  pre-existing  fault  due  to  the  removal  of  the 
overburden  load.  This  may  be  what  we  are  seeing  in  the  Lubin  dataset.  It  implies  that 
two  induced  seismicity  source  types  should  be  identified  for  machine  learning 
experiments.  We  will  retrain  our  neural  network  with  these  two  classes  of  events 
and  report  on  the  results  at  the  poster  session. 
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Figure  4.  Unfiltered  seismograms  of  Events  67  and  68  from  the  GTDB  Lubm  dataset.  As  in  Figure  2, 
note  the  difference  m  amphtude  ratios  of  P/Lg.  Here,  the  events  are  both  mining-induced  tremors. 


^  See  poster  session  at  the  meeting. 

^  Again,  the  Lubin  events  were  not  used  to  train  the  network. 
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The  Dec.  31, 1992  Novaya  Zemlya  Event 

At  the  request  of  Dr.  Alan  Ryall,  an  identification  analysis  was  performed  on  the  data 
for  the  Dec.  31,  1992  Novaya  Zemlya  event.  Data  from  four  regional  arrays  were 
available  for  examination:  Apatity,  ARCESS,  Spitzbergen,  and  NORESS.  Our 
identification  w'as  based  on  the  ARCESS  data,  with  the  other  array  data  proving  to  be 
of  too  low  SNR  for  inclusion.  Only  Pn  and  Sn  waves  were  visible  at  ARCESS  {see 
Figure  5). 


1 992366  12/31  9:30:49.7  ARAO  sz  Unfiltered 


Figure  5.  Unfiltered,  lowpass,  and  highpass  filtered  seismograms  for  the 
Dec.  31, 1992  Novaya  Zemlya  event  recorded  at  ARCESS. 


Spectral  parameters  were  determined  using  most  array  elements,  with  bad  elements 
screened  and  deleted  from  the  estimates.  Values  of  the  six  spectral  parameters  are 
given  in  the  following  table. 


Pn/Sn  Broadband: 

0.81 

Pn/Sn  2-5  Hz: 

0.76 

Pn/Sn  5-10  Hz: 

0.89 

Pn/Sn  10-20  Hz: 

0.75 

Pn  Cepstral  Variance: 

0.59 

Sn  Cepstral  Variance: 

0.61 

310 


These  six  parameters  were  fed  into  the  trained  neural  network,  with  the  resulting 
classification  being  a  chemical  explosion.  But  in  a  later  conversation  v/ith  Dr.  Ryall, 
we  were  informed  that  the  Russians  have  no  record  of  chemical  blasting  in  this  area 
on  the  date  in  question.  So,  did  the  neural  network  produce  an  incorrect 
classification?  Was  this  event  actuallv  an  earthauake?  Re-examination  of  individual 
spectral  parameters  still  indicates  that  the  data  are  closer  to  the  explosion  population 
than  the  earthquake  population.  However,  given  our  recent  experience  with  the 
Lubin  dataset,  it  appears  that  this  event  may  have  been  a  mining-induced  tremor. 

Implementation  as  Part  of  the  IMS 

An  effort  is  currently  underway  to  include  this  identification  capability  as  part  of  the 
IMS.  The  processing  module  is  designed  to  run  independently  of  the  IMS,  and  only 
querries  databases  that  the  IMS  produces.  At  the  end  of  each  day,  a  list  of  origin-id's 
is  obtained,  and  the  parameters  (or  waveforms)  are  obtained  for  these  events.  These 
are  then  input  to  the  neural  network,  producing  an  event  identification.  Of  course, 
ground-truth  is  not  available  for  quantifying  the  network  performance,  but  the 
results  can  be  combined  or  compared  with  other  event  identifications  provided  by 
the  IMS  for  a  final  event  identification. 


Conclusions  and  Recommendations 

We  have  found  backpropagation  neural  networks  to  be  an  effective  tool  for  regional 
seismic  event  identification.  Early  reservations  about  overfitting  the  data  and 
training  on  artifacts  have  been  mitigated  by  the  hybrid  machine  learning  approach. 
We  encourage  the  continued  development  of  the  Ground  Truth  Database  as  being 
essential  for  solving  the  general  identification  problem. 
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Objectives 

The  objective  of  this  research  effort  is  to  develop  and  test  a  methodology  for  regional 
seismic  event  identification  which  combines  2-dimensional  signal  processing,  image 
processing,  and  artificial  neural  networks.  The  methodology  seeks  to  exploit  the 
information  content  of  an  entire  regional  seismogram,  and  is  particularly 
appropriate  for  small  events,  multiple  events,  and  events  with  blocked,  attenuated, 
or  missing  phases. 


Research  Accomplished 


Background 

The  motivation  for  this  research  comes  from  our  observation  that  the  spectral 
features  which  distinguish  quarry  explosions  from  naturally  occuring  earthquakes 
can  be  seen  throughout  the  entire  seismogram.  These  features,  which  include  the 
spectral  complexity  and  spectral  energy  distribution  (?  vs  S),  are  readily  apparent  in 
the  time-frequency  (TF)  representation  of  the  seismogram^ .  The  TF  distribution  is 
particularly  helpful  in  the  analysis  of  events  which  have  highly  attenuated,  blocked, 
or  missing  pha.ses. 

A  number  of  investigators  have  pointed  out  the  utility  of  the  TF  distribution  for 
seismic  analysis  (Smith, 1989;  Hedlin  et  al.,  1989).  However,  TF  plots  have  not  been 
widely  used  or  accepted  in  the  seismic  comm\inity.  There  are  a  number  of  reasons 
for  this  situation:  the  difficulty  of  manipulating  and  operating  on  2-D  images  vs  1-D 
time  series  or  spectra;  the  lack  of  quantifiable  measures  of  the  features  seen  on  TF 
plots;  the  lack  of  simple  relations  between  TF  images  and  the  physics  of  the  source 


^  The  time-frequency  distribution  goes  by  many  names.  Examples  include  spectrogram  and  sonogram. 
We  prefer  the  general  term  time-^^equency  distribution,  because  it  includes  many  different  types  of 
distributions,  such  as  Wigner-\  .e,  and  special  window  functions  such  as  the  cone  kernel.  A 
spectrogram  or  sonogram  implies  a  specific  type  of  distribution. 


and  propagation  effects,  and  the  lack  of  a  simple  image  discriminator  which  would 
allow  automated  processing  of  TF  images. 

During  the  course  of  our  research  on  the  application  of  artificial  neural  networks 
(ANN's)  to  seismic  event  identification,  we  have  employed  TF  plots  for  the  purposes 
of  data  review  and  phase  timing.  This  use  has  led  us  to  be  able  to  perform  simple 
visual  classification  of  TF  images  which  closely  match  the  classification  capability  of 
our  1-D  ANN-based  processor.  However,  the  TF  image  appears  to  excel  in  situations 
of  low  SNR,  mixed  events,  or  events  with  highly  attenuated  phases.  Preliminary 
research  has  shown  that  we  can  exploit  the  information  content  of  a  TF  distribution 
by  first  transforming  the  TF  image  into  the  wavenumber  domain  via  a  2-D  FFT,  and 
then  use  a  combination  of  image  processing  and  simple  backpropagation  ANN's  to 
extract  5  features  which  completely  describe  the  spatio-temporal  nature  of  the  source. 
These  5  features  can  then  be  input  to  a  separate  ANN  classifier  to  perform  the  final 
event  identification.  Our  goal  is  to  develop  a  processing  module  which  impliments 
this  scheme,  and  to  test  its  performance  with  previously  compiled  databases  of 
identified  seismic  events. 

Signal  Processing 

To  illustrate  the  specifics  of  the  signal  processing,  we  present  the  analysis  of  two 
small  (mb~2)  seismic  events  recorded  by  the  NORESS  array.  The  first  event  is  a 
quarry  explosion  at  the  Titania  Mine  in  southwest  Norway.  The  second  event  is  a 
small  earthquake  along  the  southwest  coast  of  Norway.  Both  events  are 
approximately  500  km  away  from  NORESS.  Our  discussion  will  demonstrate  the 
utility  of  the  combination  of  2-D  signal  processing,  image  processing,  and  artificial 
neural  networks  to  the  identification  of  small  seismic  sources. 

A  key  element  of  our  methodology  is  the  use  of  a  parametric  model  to  characterize 
the  power  spectrum  of  an  arbitrary  image.  The  model  being  used  is  a  stochastic 
surface  model  originally  developed  by  Goff  and  Jordan  (1989)  to  characterize 
bathymetric  surfaces.  The  model  is  parameterized  in  terms  of  5  spectral  features  that 
completely  describe  the  second  order  statistics  of  the  image. 

Step  1  involves  the  transformation  of  the  original  time  series  data  (single  station  or 
array)  into  the  time-frequency  (TF)  domain.  There  are  numerous  schemes  for 
implimenting  the  TF  transformation  (Cohen,  1989),  the  simplest  of  which  is  to  slide 
a  tapered  window  down  the  time  series  and  compute  successive  FFT's.  The  result 
can  be  displayed  in  a  number  of  ways,  but  we  prefer  a  2-dimensional  color-coded 
representation  for  simplicity.  Figure  1  shows  the  TF  images  of  the  two 
demonstration  events^. 


-  Publication  restrictions  do  not  allow  the  inclusion  of  color  figures  in  this  document.  The  black  and 
white  images  convey  much  less  mformation  to  the  viewer.  Please  stop  by  the  poster  session,  where  all 
TF  plots  will  be  shown  in  color. 
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In  Step  2,  the  TF  image  is  transformed  into  the  wavenumber  domain  using  a  2-D 
FFT.  The  wavenumber  representation  of  the  demonstration  events  is  shown  in 
Figure  2.  A  variety  of  options  exist  at  this  stage,  including  the  use  of  alternative  2-D 
images  such  as  cepstra  vs.  time,  Lg/Pn  spectral  ratios  vs.  time,  binary  images,  and 
higher  dimensipnal  images. 

« 

In  Step  3,  an  image  processing  algorithm  developed  using  concepts  from  Johnson 
and  Weichem  (1992)  is  used  to  extract  the  angle,  aspect  ratio,  and  higher-order 
moments  of  the  wavenumber  image.  The  algorithm  determines  the  covariance 
structure  of  the  power  spectrum  by  assuming  it  to  represent  a  pseudo-probability 
density  function.  In  addition  to  the  covariance,  from  which  the  azimuth  and  aspect 
ratio  are  derived,  the  algorithm  also  computes  several  higher-order  moments  of  the 
power  spectrum  that  contain  inform.ation  about  the  remaining  unestimated  model 
parameters.  The  pattern  recognition  algorithm  has  been  validated  on  a  training  set 
of  synthetic  power  spectra  which  span  the  entire  model  parameter  space  (-4000 
examples).  TTie  complete  output  of  this  validation  exercise  also  provides  the  set  of 
examples  which  are  used  to  train  an  ANN  to  obtain  the  remainng  model 
parameters. 

In  Step  4,  an  ANN  is  used  to  obtain  the  characteristic  wavelengths  and  fractal 
dimension.  The  use  of  ANN's  is  subject  to  many  of  the  constraints  of  classical  error 
minimization  techniques.  The  training  set  of  exemplars  derived  from  the  synthetic 
power  spectra  are  inavriant  with  respect  to  magnitude  and  azimuth,  litis  has 
circumvented  many  of  the  potential  difficuMes  due  to  image  translation,  rotation, 
and  scaling.  At  the  same  time,  the  control  inherent  in  the  use  of  synthetic  data  has 
also  been  exploited  to  balance  the  number  of  exemplars  with  the  number  of  ANN 
connections.  Currently,  the  ANN  obtains  the  three  model  parameters  at  an  error 
level  of  less  than  5%,  although  reductions  m  error  could  be  attained  by  increasing  the 
resolution  of  the  training  set. 

In  Step  5,  a  separate  ANN  is  used  to  classify  the  imidentified  events  based  on  the 
predicted  model  parameters  using  both  supervised  and  unsupervised  learning. 
Model  parameters  are  obtained  quickly  without  iteration  or  starting  values.  The 
model  parameters  can  be  entered  into  a  suprevised  learning  experiment  given  a 
large  set  of  confidently  identified  events^.  Alternatively,  unsupervised  learning  may 
be  employed  to  discover  clusters  potentially  related  to  source  type.  In  the  case  of  the 
two  examples  presented  here,  the  events  are  clearly  separated  by  image  azimuth  and 
aspect  ratio.  For  the  Titania  mine  blast,  the  results  indicate  long  wavelength 
Imeations  which  extend  across  the  TF  image  parallel  to  the  time  axis.  In  contrast,  the 
coastal  earthquake  indicate  largely  isotropic  features  with  a  minor  trend  to  lower 
frequencies  with  time.  This  feature  may  possibly  be  related  to  dispersion  in  the  Lg 
wavetrain. 


^  For  example,  the  CSS  Ground-Truth  Database,  by  Grant  et  al.  (1993). 
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Figure  2.  Wavenumber  spectra  of  Titania  nrine  blast  (top)  and  coastal  earthquake  (bottom). 


Conclusions  and  Recommendations 

As  of  this  writing,  this  research  project  is  only  6  weeks  old,  so  we  do  not  yet  have 
any  conclusions  to  report.  Our  efforts  to  date  have  involved  putting  together  the 
software  to  accomplish  the  research.  By  the  time  of  the  poster  session,  we  plan  to 
have  applied  this  technique  to  the  waveform  data  from  the  CSS  Ground-Truth 
Database,  being  compiled  by  Grant  et  al.  (1993). 
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OBJECTIVE 

The  number  of  events  recorded  each  year  at  the  Scandinavian  arrays  defeats  the  capabilities 
of  a  single  analyst  to  review  and  improve  the  automatic  location  performed  by  the  expert  system 
IMS  running  at  the  Center  for  Seismic  Studies.  In  order  to  build  a  tool  that  would  automatically 
and  reliably  locate  most  of  these  events,  thousands  of  them  have  been  studied,  reviewed  and  clas¬ 
sified  into  478  groups  of  similar  events  (RiviSre-Barbier,  1993).  From  each  group,  a  reference 
event  was  extracted  as  representing  the  other  events.  To  complete  the  analysis  of  these  events,  an 
identification  of  the  reference  events  was  necessary  that  would  establish  the  origin  of  each  event 
in  the  same  group.  This  data  set  was  processed  using  different  software  and  the  results  were  com¬ 
pared  to  an  independent  source  of  identification:  the  Helsinki  bulletin.  The  analysis  of  the  results 
pointed  out  the  influence  of  various  factors  in  the  event  identification  process.  At  the  same  time, 
the  availability  of  such  a  large  number  of  groups  of  similar  events  allowed  us  to  test  an  event  loca¬ 
tion  algorithm  based  on  differential  times.  The  goal  was  to  explore  the  capabilities  of  the  algo¬ 
rithm  using  small  events  originating  from  the  same  area. 

RESEARCH  ACCOMPLISHED 

Event  identification 

Description  of  the  different  identification  methods 

The  EVID  system  was  developed  (Sereno  and  Wahl,  1993)  using  fuzzy-logic  in  order  to  com¬ 
bine  regional  discriminants  applied  to  seismic  signals  (spectral  variance,  ripple-firing  ...)  with 
contextual  discriminants  (depth,  seismicity  level ,..)  to  derive  a  composite  identification.  In  a  first 
step,  the  system  separates  earthojakes  from  explosions;  then,  a  case-based  approach  is  used  to 
identify  mining  explosions. 

The  ISEIS  system  (Baumgardt  et  ai,  1991a,b)  is  a  rule-based  process  taking  into  account 
several  features  of  the  seismic  signals  (Pn/Sn  ratio,  Pn/Lg  ratio,  Sn  and  Lg  spectral  ratios,  ripple- 
firing  ...).  A  process,  using  rules  coded  in  the  NASA  expert  systems  shell,  GJPS,  is  used  to  iden¬ 
tify  events  on  the  basis  of  individual  discriminants  extracted  from  the  database.  Finally,  an  overall 
event  identification  is  made  using  a  voting  scheme.  An  important  difference  with  the  EVID  sys¬ 
tem  is  that  the  ISEIS  system  does  not  include  contextual  discriminants  in  the  identification  pro¬ 
cess. 
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The  event  identification  provided  by  the  Helsinki  Bulletin  consists  in  determining  an  event 
location  from  the  recordings  of  at  least  three  stations  and  then  comparing  this  with  known  mine 
locations.  If  the  computed  location  is  within  5  km  of  a  mine  and  if  the  appearance  of  the  seismic 
signal  fulfills  the'known  pattern  from  that  mine,  the  mine  location  is  reported  in  the  bulletin  (Tar- 
vainen,  1993).  Most  of  the  events  with  magnitudes  lower  than  1.0  are  not  reported  in  this  bulletin. 

Application  to  the  reference  events 

The  reference  events  determined  for  each  of  the  Scandinavian  arrays  have  been  processed 
through  the  event  identification  process  described  above.  The  results  are  summarized  in  Table  1. 


Table  1:  Summary  of  the  event  identification 


Category 

EVID 

ISEIS 

Helsinki 

bulletin 

Helsinki  bul.  or 
similar  events 

Earthquakes 

11 

73 

7 

9a 

Explosions 

238 

19 

- 

72^ 

Blasts 

ISC'" 

147^* 

112 

116 

Undetermined 

79 

187 

355® 

281® 

Total 

478 

478 

478 

a.  Includes  events  identified  as  “earthquakes”  and  events  identified  as  “probably  earthquakes". 

b.  Included  reference  evenc  whose  similar  events  were  reported  at  different  close  mines  in  the  Helsinki  bul¬ 
letin. 

c.  Events  assigned  to  a  particular  mine. 

d.  Events  with  evidence  of  ripple-firing. 

e.  Events  not  reported  in  the  Helsinki  bulletin  or  reported  with  automatic  locations. 

f.  Fifty-one  events  have  not  yet  been  processed  by  ISEIS. 

EVK)  identified  81%  of  the  reference  events  as  being  explosions;  39%  of  these  explosions 
match  a  script  for  a  particular  mine  (scripts  are  only  available  for  the  most  active  mines  in  Scandi¬ 
navia).  Among  the  11  events  identified  as  being  earthquakes,  two  events  confirmed  the  identifica¬ 
tion  found  in  the  Helsinki  bulletin,  and  one  event  was  located  close  to  the  Kiruna  mine  and 
showed  an  origin  time  similar  to  other  events  originating  from  this  mine.  No  other  sources  of 
identification  were  available  for  the  eight  other  events.  Only  17%  of  the  reference  events  were  not 
automatically  identified  by  EVID. 

A  review  of  the  EVID  results  showed  that  19  of  the  events  were  not  identified  because  the 
script  matching  failed  for  a  few  parameters.  If  these  parameters  had  not  been  inlcuded  in  the  iden¬ 
tification,  EVID  would  have  called  these  events  “mine  blasts”.  Several  reasons  account  for  poor 
results  of  the  script  matching  process  in  these  cases.  The  main  reason  is  directly  related  to  the 
quality  of  the  automatic  phase  picks  because  the  phase  parameters  used  in  EVID  are  computed  at 
this  stage  of  the  data  processing.  The  important  scatter  of  the  picks  implies  that  the  measurements 
being  compared  to  the  script  are  rarely  the  same,  especially  for  phases  coming  after  the  first 
arrival.  An  example  is  shown  on  Figure  1.  Values  of  five  parameters  have  been  plotted  for  33 
events  (when  data  were  available)  originating  from  mine  HV6  (61.4°N  34.3°E,  Russia).  The  cir¬ 
cled  event  was  not  identified  by  EVID  because  it  did  not  match  the  script  for  those  five  of  the 


519 


parameters.  Another  Important  parameter  in  the  script  match  discriminant  involves  the  origin  time 
of  the  event  being  compared.  It  is  split  into  an  hour  of  the  day  and  a  day  of  the  week.  An  example 
of  mismatch  due  to  the  origin  time  is  provided  by  an  event  originating  from  HV6  that  occurred  on 
Januaiy  5,  1991. 'The  EVID  process  identified  this  event  as  an  explosion  with  a  moderate  confi¬ 
dence  as  a  result  of  the  combination  of  the  contextual  discriminants  and  the  regional  discrimi¬ 
nants.  The  fact  that  this  event  occurred  on  Saturday  instead  of  on  a  week  day  (as  shown  in  the 
script  for  the  events  coming  from  this  mine)  prevented  EVID  from  calling  it  a  mine  blast  from 
that  mine.  In  this  particular  case,  a  waveform  comparison  would  have  allowed  us  to  identify  the 
event  as  a  blast  from  mine  HV6.  Figure  2  shows  this  particular  event  along  with  another  from  the 
same  mine  that  occurred  on  a  week  day. 

ISEIS  provided  an  identification  for  427  of  the  reference  events  which  included  73  events 
identified  as  earthquakes,  19  events  identified  as  generic  explosions  and  147  events  identified  as 
mine  blasts.  The  reason  for  the  large  number  of  undetermined  events  is  that  these  events  were 
either  too  small  for  all  phases  {Pn,  Pg,  Sn  and  Lg)  to  be  detected  or  they  were  local  so  only  Pg 
phases  were  recorded.  In  addition,  ISEIS  is  conservative  in  identifying  events  on  the  basis  of  PIS 
ratios  alone,  especially  for  explosions.  It  will  tend  to  more  likely  identify  the  events  as  unknown 
than  to  misidentify  an  explosion.  So,  the  number  of  “generic  explosions”  is  low.  Both  generic 
explosions  and  mine  blasts  show  large  PnlSn  and/or  PnlLg  ratios,  but  when  spectral  modulations 
(characterizing  ripple-firing)  are  detected  in  a  signal,  the  event  is  automatically  identified  as  a 
mine  blast  because  this  feature  has  more  weight  than  the  other  discriminants.  In  order  for  an  event 
to  be  identified  as  an  earthquake,  at  least  one  station  should  show  a  very  low  PIS  ratio  or  two  or 
more  stations  should  show  intermediate  PIS  ratios.  So,  many  small  earthquakes  recorded  by  a  sin¬ 
gle  station  may  be  unidentified.  ISEIS  identified  many  more  earthquakes  than  either  EVID  or  Hel¬ 
sinki  and  many  less  explosions.  The  reason  is  that,  in  absence  of  ripple  fire,  ISEIS  must  rely 
almost  exclusively  on  high  frequency  regional  PIS  ratios  (and  the  unreliable  Sn  and  Lg  spectral 
ratio).  Recent  studies  by  Baumgardt  and  Der  (1993)  have  shown  than  mine  blasts  can  produce 
strong  shear  waves,  either  due  to  spall  or  associated  induced  component.  In  addition,  ISEIS  docs 
not  use  contextual  discriminants,  like  regional  seismicity  or  location,  to  identify  explosions  as 
does  EVID.  So,  ISEIS  may  identify  many  blasts  as  earthquakes. 

Event  Location 

We  relocated  a  group  of  events  on  the  basis  of  arrival  time  differences  between  events  deter¬ 
mined  for  regional  phases  (Pn,  Sn,  Lg)  recorded  at  the  Scandinavian  arrays.  For  a  given  phase  and 
a  given  array,  the  differential  arrival  time  for  a  pair  of  events  was  obtained  firom  the  cross-correla¬ 
tion  function  between  the  waveform  segments  for  the  two  events.  The  differential  time  is  derived 
from  the  time  lag  corresponding  to  the  cross-correlation  function  maximunL  It  is  important  in  this 
technique  that  the  waveform  segments  which  are  correlated  include  a  similar  portion  of  the  seis¬ 
mogram  around  the  phase  of  interest.  The  time  windows  for  all  phases  were  computed  on  the 
basis  of  the  Pn  arriv^  time  since  the  expert  system  is  able  to  pick  Pn  more  consistently  than  the 
later  phases.  The  differential  times  included  in  the  relocation  process  were  screened  to  exceed  a 
threshold  correlation  coefficient  (maximum  of  correlation  function)  and,  in  addition,  the  standard 
error  assigned  to  a  differential  time  measurement  was  inversely  scaled  by  this  coefficient  The 
most  numerous  and  accurate  data  thus  tend  to  come  from  the  closest  array  to  the  events  where  sig- 
nal-to-noise  is  generally  highest 

Differential  arrival  time  data  were  determined  for  two  event  clusters  using  all  available 
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recordings  at  ARCESS,  NORESS  and  FINESA.  The  cross-correlation  computations  were  per¬ 
formed  on  the  vertical  component  waveforms  from  sensors  ARAO,  NRAO  and  FIAl.  The  first 
data  set  consists  of  10  similar  mining  events  originating  from  the  Kovdor  mine  (Russia)  according 
to  the  Helsinki  bulletin  identification  G-lski  et  al.,  1991).  Their  magnitudes  range  from  2.03  to 
2.46  and  their  distances  to  the  ARCESS,  NORESS  and  FINESA  arrays  are  300  km,  1190  km,  and 
715  km  respectively.  The  second  data  set  consists  of  35  earthquakes  with  magnitudes  between 
1.05  and  2.74  that  occurred  in  the  Steigen  area  (Norway)  in  1991  and  1992.  Most  of  the  earth¬ 
quakes  were  identified  as  being  part  of  the  same  sequence  (Atakan  et  al.,  1992).  They  are  located 
480  km  from  ARCESS,  790  km  from  NORESS,  and  880  km  from  FINESA.  Of  the  35  earth¬ 
quakes,  16  produced  arrival  time  data  (absolute  or  differential)  at  only  ARCESS  and  we  thus 
show  the  relocations  only  for  the  remaining  19  events. 

Event  relocation 

The  arrival  time  data  were  inverted  with  M.I.T.’s  multiple  event  location  algorithm  (Toksoz 
et  al,  1993).  This  algorithm  solves  a  nonlinear  least  squares  criterion  to  simultaneously  fit  the 
hypocenters  and  origin  times  of  all  the  events  in  a  cluster  to  a  combined  set  of  absolute  and  differ¬ 
ential  arrival  time  data.  The  algorithm  computes  two  confidence  regions  for  each  event;  one  on  its 
absolute  location  and  one  on  its  location  relative  to  the  cluster  centroid.  The  relative  locations  arc 
generally  more  accurate  than  the  absolute  locations  because  of  the  information  provided  by  the 
differential  time  measurements  and  because  relative  location  estimates  arc  less  affected  by  ervors 
in  the  travel-time  model  used  in  fitting  the  data.  The  first  data  set  was  inverted  with  the  event 
depths  fixed  to  the  surface,  and  the  second  data  set  with  variable  depths  but  lower  than  50  km.  . 

The  locations  and  error  ellipses  determined  by  the  IMS  are  plotted  for  the  first  data  set  (Kov¬ 
dor  mine)  on  Figure  3  (left).  Figure  3  (right)  shows  the  new  locations  inferred  on  the  basis  of  the 
differential  times  in  addition  to  the  IMS  picks.  Also  shown  is  the  90%  confidence  ellipse  on  each 
location  relative  to  the  centroid  of  the  group.  The  new  relocation  produces  a  much  tighter  cluster, 
slightly  shifted  toward  the  northwest  with  respect  to  the  mine  location.  Eight  of  the  ten  events 
(excluding  4  and  8)  are  grouped  within  a  few  kilometers  of  each  other.  The  error  ellipses  on  the 
relative  event  locations  have  semi-axes  of  about  3  by  10  km,  elongated  in  the  east- west  direction. 
While  much  smaller  than  the  IMS  error  ellipses,  they  do  not  rule  out  the  possibility  that  at  least 
eight  of  the  events  have  a  common  location.  The  error  ellipse  on  the  centroid  location  of  the  clus¬ 
ter  (not  shown),  not  accounting  for  travel-time  modeling  errors,  is  5  by  13  km  and  also  is  oriented 
east-west.  This  implies  that  the  relative  locations  of  the  events  are  determined  much  more  accu¬ 
rately  than  their  absolute  locations. 

Figure  4  shows  three  different  sets  of  locations  for  the  events  from  the  Steigen  area.  The  new 
locations  are  compared  to  IMS  locations  which  are  based  on  the  same  recordings  and  to  the  loca¬ 
tions  provided  by  K.  Atakan  (1993)  which  are  based  on  several  stations  located  close  to  the  seis¬ 
mic  area  (19932).  The  locations  provided  by  Atakan  are  circumscribed  to  a  very  small  area  while 
the  IMS  locations  spread  over  100  km^.  Our  new  locations  are  shifted  closer  to  the  “true”  loca¬ 
tions;  part  of  them  are  aligned  along  a  nonheast-southwest  trend  parallel  to  and  a  few  kilometers 
away  from  a  possible  fault  shown  by  Atakan  {Figure  5).  Another  group  of  these  relocated  events 
is  located  a  few  kilometers  east  of  the  “true”  locations.  The  shift  observed  in  the  new  locations 
can  be  due  to  errors  in  the  travel  time  tables  used  as  well  as  to  the  larger  measurement  errors  in  the 
absolute  arrival  times.  Only  19  of  the  studied  events  had  a  defined  error  ellipse.  The  centroid  of 
the  19-event  cluster  has  an  error  ellipse  of  8  by  2  km  (semi-a.\es),  not  including  the  effects  of 
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modeling  errors.  The  relative  error  ellipses,  shown  in  Figure  6,  vary  from  8  by  1.3  km  to  69  by  6 
km  with  the  major  axes  in  the  southeast-nonhwest  direction. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  origin  of  most  of  the  studied  events  could  be  determined  using  automatic  processing.  A 
“manual”  review  ana  a  reinterpretation  of  the  results  will  be  necessary  in  order  to  get  .a  better 
identification.  When  possible,  the  automatic  results  will  be  compared  to  the  Helsinki  bulletin 
identification.  Our  data  set  was  dominated  by  small  events  (only  125  of  the  reference  events  had 
magnimdes  above  2.0),  and  the  two  automatic  systems  presented  in  this  paper  show  better  perfor¬ 
mance  for  large  events  recorded  at  more  than  one  array.  The  quality  of  the  data  processing 
preceding  the  identification  is  crucial  since  it  determines  the  number  of  phases,  their  identification 
and  the  measurements  made  on  these  phases,  all  inputs  to  the  identification  process.  The  use  of 
reference  events  waveform  comparisons  will  allow  the  removal  of  most  of  the  uncertainties 
related  to  the  phase  picking. 

Our  results  show  that  the  event  relocation  procedure  using  differential  arrival  times  can 
reduce  location  errors  considerably  compared  to  the  automated  location  procedure  currently  used 
in  IMS.  Relative  location  errors  as  small  as  one  kilometer  were  achieved,  which  is  useful  in  help¬ 
ing  to  identify  events  of  unknown  origin.  We  recommend  that  this  approach  be  further  improved 
and  automated  for  use  in  automated  event  identification. 
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Figure  1:  Five  of  the  regional  parameters  used  in  the  script  matching  are  shown  for  a 
blast  from  HV6  that  was  not  identified.  The  thick  line  represents  the  average  value  and  the 
dashed  lines,  the  standard  deviation.  Both  values  were  derived  from  another  data  set  The 
Lg  recorded  at  FINESA  v/as  not  properly  picked  by  the  automatic  system. 


Time  itf  Seconds 


Figure  2:  The  top  event  was  not  identified  as  a  blast  by  EVID  because 
the  script  match  failed  on  the  parameter  “day  of  the  week”.  This  event 
occurred  on  Saturday.  It  is  compared  to  an  event  from  the  same  mine  (bot¬ 
tom)  that  occurred  on  Friday.  Events  from  this  mine  occur  almost  always  on 
between  Monday  and  Friday. 


i _ 
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Figure  3:  The  left  plot  displays  the  original  locations  from  the  IMS.  These  locations  are 
based  on  recordings  from  the  3  Scandinavian  arrays  (and  fir>m  the  Spitzberg  station  for  the  most 
recent  events).  The  right  plot  shows  the  new  relative  locations  also  using  data  from  the  3  arrays. 


Figure  4:  Comparison  of  the  Steigen  event  locations  from  K.  Atakan 
(lozenges),  from  the  IMS  (circles),  and  from  inverting  differential  times 
(squares). 
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Figure  5:  Detailed  geological  map  of  the 
/  Steigen  area  (Atakan,  1993). 
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Objective 


The  aim  of  this  project  is  to  foster  a  better  understanding  of  seismic  wave  propagation 
in  complex  lithospheric  media  including  surface  topography  through  synthetic  mod¬ 
elling  and  analysis  of  array  data..  Principal  modelling  tool  is  2D  finite  difference  (FD) 
synthetics;  lithospheric  representations  range  from  a  laterally  homogeneous  crust  over  a 
halfspace  to  inhomogeneous  media  including  spatially  anisotropic  correlation  functions 
with  2  to  4  per  cent  velocity  perturbations  and  with  von  Karman  type  of  topography 
both  at  Moho  and  the  free  surface.  Complementary  array  data  analysis  was  tied  to 
local  events  recordings  from  the  NORESS  and  ARCESS  arrays. 


Research  accomplished 


In  this  section  we  first  very  briefiy  describe  the  research  tools  at  hand,  before  presenting 
the  outcome  of  various  types  of  synthetic  seismogram  experiments. 

2D  FD  synthetics:  The  FD  schemes  used  here,  have  most  recently  been  descriebed  by 
Hestholm,  et  al  (1993).  The  incorporation  of  2D  free  surface  topography  is  detailed  by 
Hestholm  and  Ruud  (1993)  while  its  extension  to  3D  is  presented  by  Hestholm  (1993). 
Initially,  we  used  rather  simple  compressional  (P-wave)  and  rotational  (S-wave)  sources; 
we  are  now  incorporating  earthquake  source  representations. 

Flexible  lithosphere  model  representation:  The  basic  lithospheric  model  have  a  crustal 
thickness  of  35  km,  and  constant  velocity  gradients  both  above  and  below  the  Moho 
(Fig.  1).  P-  and  S-velocities  are  related  through  the  Poisson’s  ratio  of  0.25,  and  model 
densities  are  calculated  from  the  P-velocities  via  Birch’s  law.  In  our  calc;ilations  of 
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synthetics,  the  above  basic  model  has  been  perturbed  in  various  ways  including  topog¬ 
raphy  based  or  a  ID  von  Karman  realization.  As  a  guide  for  judging  the  extent  of 
scattering  from  various  kinds  of  complex  media,  thi  vnthetics  from  a  simple  laterally 
homogeneous  model  served  as  a  reference  (Fig.  2).  Notice  the  lack  of  coda  waves  and 
the  relative  sharpnesses  of  P-  and  S-phase  arrivals. 

Interface  and  surface  scattering:  For  convenience,  geophysicists  consider  the  Moho  as 
an  essensial  smooth  interface  although  it  might  well  be  irregular.  This  problem  is  not 
easily  resolved  by  seismic  means  as  the  wave  response  of  a  corrugated  Moho  was  found 
to  be  modest.  On  the  other  hand,  the  number  of  secondary  P-  and  S-arrivals  appear  to 
be  legio  for  a  simple  lithosperic  model  including  topography  (Fig.  3).  Such  irregularities 
effectively  converts  P-waves  into  Rayleigh  (Rg)  waves  both  in  forward  and  backv/ard 
modes  and  vice  versa  (Bannister  et  al,  1990;  Ruud  et  al  1993).  Indeed,  the  latter  effect 
explain  why  Rg- waves  seldom  are  observed  in  the  NORESS  and  GERESS  recordings 
at  distances  exceeding  about  100  km;  both  arrays  are  situated  in  hilly  areas. 

Crust  and  upper  mantle  heterogeneities:  A  major  drawback  with  the  above  interface 
scattering  models  are  their  inability  to  excite  coda  to  levels  comparable  to  real  record¬ 
ings.  Our  approach  here  was  to  generate  synthetics  for  progressively  more  complex 
models  essentially  tied  to  introducing  von  Karman  type  (order  0.3)  of  velocity  pertur¬ 
bations  in  the  crust  and/or  upper  mantle.  An  example  is  given  in  Fig.  4  for  a  homo¬ 
geneous  crust  but  with  4  per  cent  RMS  velocity  perturbations  in  the  upper  mantle. 
Furthermore,  spatial  anisotropy  is  imposed  on  the  heterogeneities  by  using  horizontal 
correlation  length  four  times  that  of  the  vertical.  The  displayed  synthetics  are  interest¬ 
ing  on  two  accounts;  firstly  sub-Moho  layering  or  other  types  of  heterogeneities  appears 
to  be  a  pre-requisite  for  observations  of  relatively  strong  Pn-  and  Sn-phases.  Hetero¬ 
geneities  in  the  upper  mantle  apparently  scatter  the  the  Pn-  and  Sn-energy,  consisting 
of  head  waves  and  diving  waves  propagating  along  and  just  below  the  Moho,  up  into 
the  crust.  Another  feature  is  the  prominent  coda  excitation.  Semblance  analysis  of 
the  synthetics  implies  that  the  P-source  coda  as  shown  in  Fig.  4a)  almost  exclusively 
consists  of  P-to-S  reflected  wavelets  from  the  sub-Moho  heterogeneities.  The  relatively 
large  amplitudes  of  these  wavelets  may  indicate  that  our  RMS  velocity  fluctuations  of 
4  per  cent  is  too  large.  For  example,  Flatte  and  Wu  (1988)  using  NORSAR  teleseismic 
P-waves  obtained  a  RMS  velocity  estimate  of  2  per  cent. 

In  Fig.  5  we  display  synthetics  for  a  model  where  only  the  crust  is  inhomogeneous.  In 
comparision  to  Fig.  2,  the  Pn-phase  is  essentially  intact,  while  the  conventional  crustal 
phases  have  been  strongly  distorted.  We  take  this  ‘smearing’  to  reflect  the  cumulative 
effect  of  wave  propagation  through  an  inhomogeneous  medium.  In  Fig.  6  synthetics 
are  shown  for  a  model  where  both  the  crust  and  upper  mamtle  are  inhomogeneous.  An 
equivcilent  snapshot  presentation  is  given  in  Fig.  7.  These  synthetics  are  encouraging  in 
the  sense  that  their  essential  features  are  similar  to  those  observed  in  real  recordings. 
These  are  a  relatively  weak  Pn  followed  by  a  stronger  Pg/PmP  and  then  a  coda  of  long 
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duration  with  amplitudes  similar  to  those  of  the  Pn-phase.  The  first  part  of  the  coda 
is  dominated  by  P-wavelets  while  P-to-S  coverted  waves  become  prominent  at  times 
coincident  with  the  Sg/Lg  arrival.  Since  P-to-S  scattering  is  inefficient  in  the  forward 
direction  these  wavelets  would  mostly  arrive  after  the  direct  S-phase.  The  late  coda 
appears  to  consists  of  diffusively  scattered  waves  and  is  manifested  in  terms  of  low  coda 
coherency. 

Telesaismic  coda  excitation:  The  so-called  complexity  discriminant  amounts  essentially 
to  a  comparision  of  P-signal  power  to  the  P-coda  power  in  two  windows  of  5  and 
30  sec  lengths  (Tsvang  et  al,  1993).  The  workings  of  this  discriminant  is  physically 
explained  in  terms  of  more  efficient  S-  and  Rg-excitation  for  earthquakes  which  in  turn 
are  converted  into  P-wavelets  subsequently  dominating  the  P-coda  at  the  receiver  end. 
We  checked  this  hypothesis  through  examination  of  synthetics  extracted  at  a  depth  of 
100  km.  To  our  surprise,  at  this  depth  the  P-coda  waves  were  mainly  S-wavelets  which 
would  not  contribute  to  the  teleseismic  P-coda.  In  other  words,  the  relatively  strong 
earthquake  P-coda  stem  seemingly  &om  source  complexities  as  scattering  and  mode 
conversions  appear  to  contribute  only  moderately. 

Effect  of  spatial  anisotropy:  Most  of  the  synthetics  generated  in  our  study  (Hestholm 
et  al,  1993)  were  tied  to  models  with  high  aspects  ratios  which  is  intended  to  mimic 
a  presumed  dominance  of  horizontal  layering  in  the  lithosphere.  The  effect  of  spatial 
anisotropy  was  most  clearly  seen  in  the  late  coda.  For  example  dominant  horizontal 
correlation  gave  rise  to  relatively  vertically  travelling  wavelets  while  dominant  vertical 
correlation  produced  mainly  horizontally  travelling  wavelets.  However,  we  were  unable 
to  identify  such  coda  feature  in  our  analysis  of  NORESS  and  ARCESS  event  recordings. 
Probably,  the  crust  is  more  heterogeneous  than  the  upper  mantle,  thus  scattered  waves 
are  mainly  confined  to  the  crust  and  will  propagate  almost  horizontally  even  when  the 
horizontal  correlation  is  dominant. 

Source  depth  effects:  Since  depth  is  a  highly  significant  parameter  in  seismic  event 
classification  studies,  we  explored  whether  the  seismic  wavefield  changes  significantly 
with  source  depth.  In  Fig.  7  the  synthetics  are  for  S-sources  at  depths  of  2  and  20 
km  respectively  at  a  lapse  time  of  30  sec.  Clearly,  a  shallow  source  is  efficient  in 
coda  excitation  because  it  generates  more  surface  and  body  waves  which  propagate 
with  low  velocities  in  the  upper  part  of  the  crust  and  subsequently  can  be  scattered 
by  surface  topography.  The  upper  snapshot  gives  an  indication  of  the  effectiveness 
of  S-to-Rg  conversions  at  the  free  surface  (Rg  waves  confined  to  the  upper  3  km  of 
the  crust).  Likewise,  the  mentioned  smearing  of  the  P-  and  S-phases  are  relatively 
more  prominent  for  shallow  sources.  In  view  of  the  above  results  it  is  not  surprising 
that  chemical  explosion/earthquake  source  discrimination  is  feasible  at  local  distances 
(Dysart  and  PuUi,  1990;  Blandford,  1993).  Of  particular  interest  here  is  the  potential 
of  using  coda  waves  as  a  discriminant  as  demonstrated  by  Hedlin  et  al  (1990)  and  Su 
et  al  (1991). 
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Conclusions  and  recommendations 


The  major  outcomes  of  our  2D  FD  experiments  are  that  a  basically  simple  crustal 
model  (no  layering)  but  with  small  scale  velocity  perturbation  of  2  to  4  per  cent  suffice 
for  generating  realistic  seismograms  including  coda  excitations.  Free  surface  topog¬ 
raphy  influence  wave  propagation  in  several  v/ays;  most  notably  in  efficient  P-to-Rg 
and  S-to-Rg  scattering.  Likewise  the  coda  would  be  different  for  sources  in  the  upper 
and  lower  crust  respectively.  Extensive  propagation  in  an  inhomogeneous  lithosphere 
tends  to  ‘smecir’  the  once  sharp  P-  and  S-phases  so  clear  secondary  arrivals  are  diffi¬ 
cult  to  indentify  at  epicenter  distances  beyond  a  few  hundred  kilometers.  Strong  Pn- 
and  Sn-phases  were  obtained  for  models  with  sub-Moho  heterogeneities  with  dominant 
horizontal  correlation;  an  upper  mcintle  velocity  gradient  and  an  irregular  Moho  in¬ 
terface  proved  relatively  inefficient  in  this  respect.  Our  overcill  conclusion  is  that  the 
entire  seismic  record  including  the  coda  should  be  used  for  seismic  source  classification 
studies. 
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Fig.  1:  The  class  of  crust  and  upper  mantle  models  used  in  our  generation 
of  2D  finite  difference  synthetic  seismic  records.  Specific  model  choices  are 
detailed  in  the  figure  captions.  The  synthetic  seismograms  are  calculated  for 
5  groups  of  6  sensors  each.  Configuration  details  in  the  lower  boxes.  The 
minimum  horizontal  distances  between  the  source  and  the  closest  sensor 
grouping  (AO)  are  90  km  (surface)  and  10  km  (at  100  km  depth). 
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OBJECTIVES:  Based  on  the  analysis  of  regional  seismograms  observed  on  the  TERRAscope 
network  in  southern  California  (Figure  1)  from  many  earthquakes  and  NTS  (Nevada  Test  Site) 
explosions,  the  Ml:Mo(M,)  and  Mg/Ma  vs  M,  (where  is  the  local  magnitude.  Mg  is  the 
energy  ratio  set  by  the  data  and  synthetics.  Mg  is  the  moment  determined  from  broadband  data, 
and  M„  is  the  long-period  moment)  discriminants  have  proven  their  effectiveness  in 
discriminating  small  events  (Woods  ct  al.,  1992,  Zhao  and  Helmberger,  1993a).  The  primary 
objective  of  this  study  is  to  test  transportability  of  these  two  discriminants  to  a  new  testbed  and 
develop  some  new  ones,  including  the  development  of  a  semi-automated  system  which  may  be 
useful  to  identify  the  seismic  sources. 

RESEARCH  ACCOMPLISHED:  In  addition  to  the  above  two  discriminants,  we  have 
developed  two  energy-based  regional  discriminants  using  TERRAscope  data  and  assembled  an 
additional  database  comprising  of  broadband  regional  seismograms  both  from  earthquakes  and 
explosions  recorded  by  a  Strcckeiscn  STS-1  force  balance  seismometer  at  WMQ  station,  located 
between  the  Junggar  and  Tarim  Basin  along  the  eastern  Tien  Shan  of  the  Xinjiang  Province,  to 
test  transportability  of  these  discriminants.  The  STS-1  system  has  a  flat  amplitude  response 
between  0.2  and  2()s  (Chen  et  al.,  1990).  The  database  consists  primarily  of  seismograms  from 
the  Semipalatinsk  explosions,  located  at  about  950  km  away  from  the  station  and  from 
earthquakes  occurring  at  a  distance  from  750  km  to  1400  km  from  the  station.  We  are  currently 
updating  this  database  to  include  the  Chinese  explosions  and  many  broadband  seismograms  at 
the  range  of  Lop  Nor  test  site  have  been  assembled.  In  the  following,  we  briefly  discuss  the 
three  discriminants. 

Discriminant  1.  Shon-Period  P(z):Long-Period  Energy  Discriminant: 

This  discriminant  is  based  on  the  ratio  of  the  short-period  energy  vcnical  P-wave  train 
to  long-period  surface  wave  energy  in  all  three  components  as  a  function  of  distance  and  is 
based  on  the  observation  that  explosions  tend  to  be  richer  in  high  frequency  energy  than 
eanhquakes  with  comparable  sized  Rayleigh  waves.  For  example,  in  Figure  2  we  show 
broadband  data  recorded  at  Pasadena  from  the  NTS  (Nevada  Test  Site)  event  Kearsarge  (August 
17,  1988:  17h  (Xhn)  and  the  Skull  mountain  (Yucca)  earthquake.  Also  shown  are  several 
seismograms  simulated  by  convolving  the  response  of  Ewing  and  Press  30-90  (LP3090),  Wood- 
Anderson  shon  period  (WASP)  and  Wood-Anderson  Long  Period  (WALP)  instruments.  Clearly, 
while  the  LP30%  seismograms  of  both  events  have  similar  looking  Rayleigh  waves  (marked  by 
the  arrows),  the  WASP  seismograms,  which  arc  high-frequency  seismograms,  are  markedly 
dissimilar.  In  addition,  the  explosion  seismograms  have  strong  P  waves  compared  to  the 
earthquake  seismograms.  This  is  a  feature  commonly  observed  in  the  seismograms  of  these  two 
sources  and  is  usefol  for  developing  regional  discriminants. 
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The  discriminant  criterion  is  the  ratio  of  short-period  energy  in  the  vertical  component  P- 
wave  train  to  the  long-period  energy  in  the  surface  waves  in  all  three  components. 
Mathematically,  we  express  this  ratio  as 


where  (tptj )  and  (t3,t4)  define  the  window  timings  of  the  shon-period  P  i.e.  for  Vsp^  and  long- 
period  surface  waves  (Vu.)  respectively.  The  long-period  energy  estimates  are  taken  from  all 
three  components  to  avoid  instability  that  may  be  caused  by  a  possible  node  in  the  surface-wave 
radiation.  A  significant  advantage  of  this  discriminant  is  that  it  does  not  require  the 
determination  of  any  source  parameters  and  does  not  require  any  assumptions  about  the  source. 
To  implement  this  discriminant,  each  broadband  seismogram  is  convolved  with  the  short-period 
Wood-Anderson  and  long-period  Ewing  and  Press  3090  instrument  responses  to  simulate  the 
and  Vy,  functions. 

Figure  3  shows  this  ratio  versus  distance  for  106  earthquakes  (crosses)  trom  southwestern 
United  States  and  76  NTS  explosions  (circles).  It  includes  earthquakes  with  M>3.6  and 
explosions  M>4.0.  Each  point  represents  an  individual  station  observation.  It  is  evident  that 
explosions  tend  to  have  larger  shon-period:long-period  energy  ratios  than  do  the  eanhquakes. 
There  is  some  overlap  in  the  two  populations  at  distances  less  than  450  km.  The  relatively  low 
ratio  explosions  near  400  and  230  km  are  observations  from  large  tectonic  release  events;  that 
is  tlieir  waveform  displayed  Love  waves  and  anomalously  large  Rayleigh  waves.  The  largest 
separation  between  the  two  populations  is  obtained  at  distances  greater  than  590  km. 

Discriminant  2  Mc:Mn  vs  M„ 

This  discriminant  is  based  on  the  source  strength  in  energy,  where  is  the  source 
strength  required  to  match  the  energy  in  the  synthetics  computed  using  a  flat-layered  crustal 
model  with  the  data.  Mg  is  the  moment  determined  from  broadband  modeling,  while  M^  in 
this  case  is  a  moment  estimate  from  the  long-period  data.  Mathematically  speaking,  Mg  is 
expressed  as 
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where  X(t)  and  Y(t)  are  the  recorded  and  simulated  velocity  time  histories,  respectively.  Hence, 
Mg  and  Mq  are  nearly  the  same,  provided  the  agreement  is  good. 

To  implement  this  discriminant,  we  need  to  have  an  appropriate  crustal  model  so  that  the 
various  phases  observed  on  the  recorded  seismograms  can  be  reasonably  modeled.  It  al.so 
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requires  estimation  of  which  involves  processing  of  synthetic  and  observed  waveforms  and 
invoking  techniques  to  determine  the  source  parameters:  dip,  slip  and  strike  of  the  causative 
faults.  This  involves  an  user  to  inspect  the  level  of  agreement  between  data  and  synthetics. 
Thus,  unlike  the  SP;LP  energy  ratio,  this  discriminant  can  be  applied  in  a  semi-automatic  manner 
to  identify  an  event.  We  present  an  in-depth  discussion  of  this  semi-automated  method  in  a  later 
section. 

In  most  cases,  for  explosions  is  high  because  of  the  deficiency  in  the  representation 
of  the  shallow  structure.  Figure  4  shows  an  illustration  where  various  components  of  a  set  of 
three-component  broadband  seismograms  from  a  small  earthquake  are  displayed.  For  each  set 
of  seismograms  (i.e.,  BB,  LP3090,  WALP,  WASP),  the  data  seismogram  is  plotted  above  the 
corresponding  synthetic  seismogram.  In  the  first  two  columns,  the  P„,  waveforms  of  the  vertical 
and  radial  components  and  in  the  last  three  columns,  the  whole  seismograms  for  the  vertical, 
radial  and  tangential  components  arc  shown.  The  synthetic  seismograms  are  computed  using 
the  frequency- wavenumber  integration  code  Filon_AS-033  (Saikia,  1993)  using  the  southern 
California  crustal  model  (Figure  5,  Dreger  and  Helmberger,  1991).  The  source  mechanism  and 
the  seismic  moment  Mo  of  this  event  is  obtained  using  the  inversion  technique  of  Dreger  and 
Helmberger  (1991).  Figure  6  shows  a  similar  comparison  between  data  and  synthetics  for  various 
components  generated  by  an  explosion,  where  the  synthetics  are  obtained  using  a  dominantly 
strike-slip  mechanism  determined  by  the  inversion  algorithm.  While  the  agreement  is  remarkable 
for  the  earthquake  seismograms,  the  surface  waves  are  not  well  modeled  in  case  of  the  explosion 
source.  There  may  be  several  reasons  for  this  mismatch.  For  instance,  we  created  this  event  as 
an  earthquake  and  invened  for  its  mechanism,  which  primarily  appeared  to  be  a  strike-slip  source 
(this  is  likely  to  be  the  case  because  explosion  waveforms  match  closely  the  waveforms  generated 
by  this  double-couple  mechanism)  and  secondly,  a  deeper  source  depth  is  estimated  than  the 
actual  shallow  depth  of  the  explosion.  Thus,  the  surface  waves,  which  are  strongly  observed 
from  a  shallow  source,  are  somewhat  weak  on  the  synthetics.  Therefore,  any  estimate  of  energy 
in  the  synthetics  will  be  smaller  than  the  energy  measured  in  the  recorded  seismogram  if  the 
source  is  an  explosion  in  this  computational  scheme.  Thus,  Mg  will  become  larger. 

We  used  20  NTS  explosions  and  25  southwestern  earthquakes  (Zhao  and  Helmberger, 
1993a)  and  processed  their  M^’s  and  M^’s  assuming  each  of  these  events  as  an  eanhquake. 
Figure  7  shows  these  preliminary  results  which  clearly  demonstrates  that  explosions  are  distinctly 
separable  from  the  earthquakes. 

Discriminant  3.  Short-Period  P  to  Shon  period  S  Energy  Discriminant 

This  discriminant  is  based  on  the  ratio  of  shon-period  P  to  short-period  S  energy  and 
proved  efficient  in  discriminating  Semipalatinsk  explosions  (located  about  950  km  away)  from 
earthquakes  at  similar  distances,  all  recorded  at  broadband  WMQ  (Chinese  digital  network) 
station.  Mathematically  speaking,  this  discriminant  can  be  expressed  as 
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where  this  discriminant  is  based  on  only  the  short-period  vertical  component  seismograms.  We 
found  this  discriminant  separates  the  explosions  well  from  the  earthquakes  at  large  distances. 
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However,  when  applied  to  the  regional  seismograms  at  ELK,  MNV,  KNB,  and  LAC  (stations 
of  Lawrence  Livermore  National  Laboratory,  Figure  8)  from  NTS  explosions  and  eanhquakes 
from  the  Califomia-Nevada  border  region,  this  discriminant  still .  could  separate  the  two 
populations,  but -the  separation  was  small. 

This  discriminant  was  found  very  useful,  especially  in  our  attempt  to  characterize  the 
source  of  the  December  31,  1992  Novaya  Zemlya  event  at  the  suggestion  of  Dr.  Alan  S.  Ryall 
of  DARPA/NRMO.  The  regional  waveforms  recorded  on  the  high-frequency  array  SPAO 
(Spiezbergen),  located  at  about  1140  km  away  were  available,  and  these  waveforms  were 
extracted  from  the  original  seismograms  in  the  frequency  bandpass  of  3  to  8  Hz.  To  characterize 
the  source  of  this  event,  first  we  examined  the  short-period  WWSSN  film  chips  recorded  at  KBS 
station  from  many  Novaya  Zemlya  events.  Unformnately,  most  of  the  events  were  not  available 
on  the  film  chips  except  for  one  event  (October  21,  1967,  04h  59m  58.1s  Latitude:73.4°N, 
Longitude:54.8°E,  Mb=5.9).  Even  for  this  event,  only  the  north-south  component  is  recorded. 
Figure  9  shows  a  comparison  between  this  event  (NS  component)  and  the  vertical  component  of 
Spitzbergen  array  data  of  the  December  31,  1992  event.  Although  the  event  magnitudes,  the 
frequency  bands  and  the  components  of  the  two  waveforms  are  different,  what  is  strikingly 
similar  is  the  general  characteristic  of  the  P  and  S  waveforms.  This  is  what  triggered  us  to 
explore  a  new  discriminant  (discriminant  3),  useful  to  data  recorded  on  the  high-frequency  array 
at  such  large  distances  and  from  events  which  have  significantly  low  yields.  Note  that,  other  two 
discriminants  (1  and  2)  require  broadband  seismograms  and  are  not  useful  in  this  case. 

Figure  10  shows  a  set  of  vertical  component  seismograms  for  5  explosions  and  5  earth 
quakes  recorded  at  WMQ  stations.  The  upper  diagram  shows  the  broadband  seismograms  as 
recorded,  the  middle  diagram  shows  the  corresponding  seismograms  obtained  by  convolving  each 
of  the  upper  panel  seismograms  with  a  Wood-Anderson  short-period  instrument,  and  the  lower 
panel  shows  the  same  Wood-Anderson  seismograms  in  a  bandpass  of  3  to  8  Hz.  These 
waveforms  show  one  striking  feature  in  the  S-wave  characteristics,  especially  in  the  band  of  3 
to  8  Hz.  The  explosion  seismograms  are  highly  deficient  in  S  waves  compared  to  the  eanhquake 
seismograms.  Most  likely,  the  explosion  accompanied  by  high-frequency  S  waves,  generated  in 
the  source  region  through  phase  conversion  of  P  waves  or  sources  not  yet  resolved,  are  almost 
completely  attenuated  within  the  crust  at  such  large  distances.  It  is  expected  that  the  energy 
ratio  of  P  waves  to  S  waves  should  have  a  higher  value  for  the  explosions  than  for  the 
earthquakes.  Based  on  this  observation,  we  developed  discriminant  3. 

To  construct  the  discriminant,  we  defined  the  P-wave  window  using  a  velocity  window 
of  9  km/s  for  the  start  time  and  4.8  km/s  for  the  end  time.  The  S-wave  window  was  defined 
using  a  velocity  window  of  4.7  to  1.4  km/s.  In  addition  to  the  digital  waveforms  at  WMQ,  we 
have  obtained  additional  digital  waveforms  recorded  on  the  LLNL  network  for  many  eanhquakes 
to  augment  our  previous  LLNL  data  base  consisting  of  only  the  explosion  seismograms.  We 
have  processed  these  seismograms  in  the  same  way  to  estimate  the  shon-period  P  wave  to  shon- 
period  S  wave  energy  and  constructed  additional  data  points  in  the  200  to  550  km  distance  range. 

Figure  1 1  shows  how  well  this  short-period  P  wave  to  S-wave  energy  ratios  separate  the 
explosions  from  the  eanhquakes  (upper  panel).  Included  in  this  figure  are  the  NTS  data  (shown 
by  solid  squares),  the  WMQ  explosion  data  (shown  by  solid  circles)  and  the  eanhquake  data 
(shown  by  open  symbol).  The  solid  circles  at  255  km  were  obtained  from  the  Soviet  JVE 
(September  14,  1988)  explosion  recorded  at  KKL  (Kirklinsk)  and  BAY  (Bayanual)  stations. 
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December  31,  Novava  Zemlva  Event  -  Eanhouake  or  Explosion: 

Events  of  the  December  31,  1992  Novaya  Zemiya  type  arc  of  primary  concern  because 
they  fall  into  the  category  of  typical  events  that  would  he  concern  in  the  CTBT  or  NPT 
environment  in  an  area  where  a  test  can  be  conducted,  and  have  magnitude  of  the  order  of 
Ml=2.5,  appropriate  for  small  nuclear  tests.  According  to  Alewine  and  Ryall  (1993),  various 
methods  identified  it  as  chemical  blast  (for  example,  event  identification  system,  SAIC,  neural 
net  system,  RADIX,  intelligent  seismic  event  identification  system,  ENSCO,  S-Cubed  researcher) 
and  the  bottom  line  is  that  the  Russians  reponed  no  blasting  on  12/31/93  in  the  area. 

As  discussed  before,  the  regional  signal  from  the  Novaya  Zemiya  event  could  be  seen  at 
Spitzbergen  array  only  after  filtering  the  data  using  a  bandpass  filter  with  a  low-cut  of  3  Hz  and 
a  high  cut  of  8  Hz.  These  comers  were  selected  by  Dr.  J.  Carter  of  CSS  (Center  for  Seismic 
Studies).  To  establish  a  compatibility  of  frequency  content  and  instrument  type,  all  the 
seismograms  used  in  Figure  10  were  convolved  with  a  WASP  instrument  and  a  bandpass  filter 
with  a  low-cut  of  3  Hz  and  high-cut  of  8  Hz.  Similarly,  the  WASP  instrument  was  convolved 
in  to  the  Novaya  Zemiya  seismogram.  The  discriminant  3  was  formed  from  these  processed 
waveform  and  is  shown  Figure  11  (lower  panel).  The  data  point  of  the  December  31,  1992 
Novaya  Zemiya  event  is  marked  by  an  open  star.  Clearly,  this  point  aligns  itself  with  the 
earthquake  population,  confirming  the  Russian’s  claim. 

"DISCR"  -  SEMI-AUTOMA'FED  SYSTEM 

"DISCR"  is  a  semi-automated  model  based  event  discrimination  system  and  is  in  the 
process  of  being  developed  to  identify  an  event  using  regional  waveforms  on  a  routine  basis.  It 
is  based  on  the  above  three  discriminants  including  the  Ml:Mo  discriminant  (Woods  et  al.,  1993; 
Woods  and  Harkrider,  1993).  It  has  several  modules  in  it  Figure  12  shows  a  flow-chan 
diagram  of  this  system.  In  the  following,  we  present  a  brief  discussion  of  individual  modules 
and  discuss  their  relevance  to  the  TERRAscope  data. 

Module  1.  Given  a  set  of  regional  seismograms,  this  module  determines  if  the  waveforms  arc 
suitable  to  retrieve  the  long-period  information  i.e.,  LP3090  response.  This  is  done  by  visually 
inspecting  the  LP3090  versions  of  waveforms  on  the  front-end  computer  monitor.  If  the 
waveforms  are  usable,  it  invokes  constructing  the  discriminants.  Of  the  four  discriminants,  two 
of  them  requires  estimation  of  Mg  and  are  constructed  stepping  module  2  through  module  4. 

Module  2.  This  uses  the  initial  source  depth  and  epicentral  distance  of  the  event  (supplied  by 
the  user)  and  selects  a  set  of  Green’s  functions  previously  computed  and  stored  on  the  system, 
processing  is  performed  to  prepare  LP3090  response  and  perform  a  grid-search  technique  to 
determine  the  source  parameters,  including  the  seismic  moment.  Details  of  this  procedure  are 
discussed  in  Saikia  and  Burdick  (1992)  and  Zhao  and  Helmbcrger  (1993b). 

Module  3.  Using  the  M,  determined  in  module  2,  M,,  in  module  1,  this  module  constructs  the 
Ml:  Mo  discriminant. 

Module  4.  Using  the  source  parameters  and  M,  determined  in  module  2,  this  module  computes 
Mg  and  Mg,  and  constructs  the  M^rM^  discriminant. 

Module  5.  This  module  is  designed  to  construct  the  energy  ratio  short-period  P  wave  to  short- 
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period  S  waves  and  does  nor  require  M^.  Each  broadband  waveform  is  convolved  with  a  WASP 
response  and  with  a  bandpass  filter  with  cut-off  comers  at  3  and  8  Kz,  respectively. 

Module  6.  This* produces  four  viewgraphs,  each  displaying  the  already  identified  discriminant 
data  points  obtained  by  modeling  seismograms  of  known  eanhquakes  and  explosions.  These 
four  viewgraphs  are  the  master  view  panels.  When  a  new  event  is  recorded,  the  four 
discriminants  arc  formed  and  arc  allowed  to  flash  on  the  corresponding  master  view  panels,  so 
that  they  can  be  identified. 

RECOMMENDATIONS 

In  order  to  use  DISCR  successfully  in  a  new  testbed,  the  path  effect  should  be  calibrated 
and  a  set  of  discrimination  data  points  should  be  established.  We  arc  now  compiling  additional 
data  at  WMQ  from  the  Chinese  test  site  and  at  KIV  (Kislovask,  a  broadband  station  within  CIS 
near  Caspian  Sea).  Station  KIV  is  located  at  regional  distance  from  the  southwestern  Russia, 
a  site  of  many  low-magnitude  possible  explosions  (ISC  monthly  bulletins).  We  plan  to  calibrate 
path  and  investigate  the  potenrial  of  the  above  mentioned  discriminants  on  this  database.  As 
discussed  in  the  text,  discriminant  3  is  useful  when  the  high-frequency  waveforms  arc  only 
available.  Therefore,  we  shall  attempt  to  explore  this  discriminant  using  array  waveforms 
contained  in  a  recently  released  ground-truth  database  recorded  at  GERESS  (Grant  et  al.,  1993). 
This  database  consists  of  v/aveforms  from  earthquakes  and  mostI>  from  many  quarry  blasts;  thus 
providing  an  opportunity  to  test  the  discriminants  on  sources  other  than  those  of  explosions. 
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Figure  1.  Map  showing  present  TERRAscope  stations  and  some  regional  events. 
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Figure  2.  comparison  of  broadband  Aisplacemen^^^^^^ 

mountain)  event  as  recorded  at  Pasadena  (about  350  km).  No  e  g 
compared  to  the  earthquake  data.  ^^2 
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Figw  of  SP:LP  energy  rario  as  disenminant  (i.e.,  energy  in  the  shon-period  band  over  the  P., 

winoow  divided  by  the  total  energy  in  all  three  long-period  seismograms. 
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Figure  4.  Comparison  of  data  and  synthetics  for  a  small  event  Tne  time  function  is  fixed  by  (WASP/V/ALP) 
energy  ratio  in  the  P^,  window  (i.e.,  the  synthetics  are  fit  to  the  data  rario  by  varying  the  rime  history  assumed 
to  be  a  triangle)  WASP:  Wood-Anderson  shon  period  and  WALP:  Wood-Anderson  long  period. 
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Figure  5.  Crustal  model  for  southern  California. 
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Figure  6.  Comparison  of  data  from  a  small  explosion  with  synthetics  (assumed  to  be  a  double  couple), 
synthetic  for  an  explosion  is  essential  the  same  as  for  a  strike-slip  earthquake  at  the  same  source  depth. 
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Figure  7.  Mg/MB  vs  M,  discriminanL  M,,  is  determined  from  WALP  fit  to  data.  Mq  is  determined  from 
broadband  record  with  time  history  chosen  to  match  the  WASP/WALP  ratio.  Mg  is  the  energy  strength 
determined  by  dividing  the  total  energy  contained  in  the  observed  data  by  the  total  predicted  energy  contained 


Figure  8.  Network  of  Lawrence  Livermore  National  Laboratory.  Stations:  ELK,  LAC,  KNB  and  MNV. 
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Figure  9.  Comparison  of  the  N-S  short-period  waveform  characteristics  recorded  at  KBS  (WWSSN  station) 
from  a  Novaya  Z^emlya  explosion  (upper  seismogram)  with  the  venical  component  waveform  recorded  at 
Spitzbergen  array  from  December  31, 1992  Novaya  Zemlya  event  (lower  seismogram).  Note  that  the  difference 
in  the  components  and  also  in  the  frequency  content  as  discussed  in  the  text. 
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Figure  11.  Short-period  P  to  S-wave  energy  ratio  discriminant.  Upper  panel;  the  discriminant  was  processed 
using  the  broadband  data  after  convolving  with  a  WASP  response.  Lower  panel;  the  discriminant  was  processed 
from  WASP  response  in  the  frequency  band  of  3  to  8  Hz. 


Figure  12.  Flow-chan  diagram  for  ihe  semi-aulomated  sysiem  -  ’DISCR’. 
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The  overall  objective  of  this  line  of  research  is  to  develop  a  damage  mechanics 
for  the  compressive  failure  of  rock  which  can  be  used  as  the  constitutive  relation  in 
the  numerical  codes  which  simulate  underground  explosions.  This  work  is 
motivated  by  the  observation  that  elastic  nonlinearities  associated  with  the  active 
fracturing  of  rock  in  the  source  region  of  underground  explosions  can  effect  the  near¬ 
field  seismic  pulse  shape.  Toward  this  end,  Ashby  and  Sammis  (1989)  modeled  the 
growth  and  interaction  of  fractures  which  nucleate  a  preexisting  cracks  within  the 
rock,  and  used  the  results  to  formulate  a  damage  mechanics  for  the  compressive 
failure  of  low-porosity  crystalline  rock  (like  granite).  One  immediate  result  of  this 
work  has  been  to  emphasize  the  importance  of  scaling  when  applying  rock 
mechanics  laboratory  results  to  field-scale  underground  explosions. 

The  objective  of  the  work  described  below  has  been  to  develop  an  algorithm 
which  may  be  used  to  incoprorate  the  damage  mechanics  into  a  spherically 
symmetric  source  model  to  study  the  effect  of  fractiuc  on  the  seismic  radiation. 

RESEARCH  ACCOMPLISHED 

In  the  standard  algorithms  used  to  calculate  the  stress  and  strain  paths  in  the 
source  region  of  an  underground  explosion,  the  initial  stresses  are  used  in  the 
equations  of  motion  to  find  the  displacements.  These  displacements  are  used  to 
calculate  the  strains  which  are  then  used,  with  the  elastic  constants,  to  find  the  stress. 
The  new  stresses  are  then  used  in  the  equation  of  motion  to  find  the  displacements 
in  the  next  time  step,  and  so  on.  The  incorporation  of  damage  mechanics  into  this 
algorithm  requires  the  introduction  of  a  new  variable,  the  damage.  Damage  is  a 
measure  of  the  fracture  density  in  each  material  element  of  the  model.  In  general 
damage  is  a  tensor  which  reflects  tlie  distribution  of  fracture  size  and  orientation  at 
each  location  within  the  rock.  However,  for  the  simple  spherically  S5anmetric  source 
shown  schematically  in  Fig.  1,  crack  growth  can  be  assumed  to  be  radial  and  the 
damage  written  as 


D  = 


4 

3 


;r(^  +  aaf  Ny 


(1) 


3^19 


Figure  1.  (Above)  Schematic 
diagram  of  a  spherically 
symmetric  source  region 
showing  ditferent  regimes  of 
deformation  and  the  radial 
growth  of  fractures  to  a  length  t 
nucleated  at  preexisting  flaws  of 
length  2a  in  the  damage  regime. 


Figiuce  1  (Right)  Flow  diagram 
for  a  computer  algorithm  which 
can  be  used  to  include  damage 
mechanics  in  the  computer 
programs  which  simulate 
underground  explosions. 


where  2a  is  the  lei\gth  of  the  initial  flaw  which  nucleates  the  fracture,  I  is  the  length 
to  which  the  fracture  has  grown(as  illustrated  in  Fig.  1),  Nv  is  the  number  of  aacks 

per  unit  volume  and  a  is  a  geometrical  constant  near  1. 

The  flow  diagram  for  a  computer  algorithm  which  can  be  used  to  include 
dam.age  in  a  spherical  source  is  shown  in  Fig.  2.  Each  boxed  proceduie  has  been 
numbered  and  will  now  be  discussed  in  turn. 


Erflcfiduie.1;  Ths  Eqi;tatiQn&.of>lQtion 

Assume  that  we  are  beginning  the  i^^  time  step  of  the  calculation.  The 
stresses  from  the  pervious  time  step,  ,  are  used  to  find  the  current 

displacements  u^  ,  which,  in  turn,  are  used  to  compute  the  new  strains,  ejjp.  This 

step  is  exactly  as  in  the  normal  algorithm  and  is  not  affected  by  the  incorporation  of 
damage  mechanics. 


Procedures  2  &  3;  The  Elastic  Constants  and  Stresses 

The  elastic  constants  are  used  to  compute  the  new  stresses  from  the  strains 

found  in  Procedure  1  above.  The  most  difficult  issue  to  deal  with  in 

implementing  the  damage  mechanics  is  that  the  elastic  constants  are  not  simply 
functions  of  the  damage;  they  also  depend  on  whether  new  damage  is  being  done 
during  the  time  step.  Consider,  for  example,  the  stress-strain  curve  in  Fig.  3. 


Figure  3  Schematic  stress- 
strain  curve  showing 
lower  elastic  stiffness 
when  fractures  are 
growing  than  when  they 
are  not. 


In  this  figare,  the  stress  has  been  inaeased  over  the  path  labeled  (1),  decreased  over 
path  (2),  and  then  increased  again  over  paths  (3)  and  (4).  Note  that  the  effective 
Young's  modulus,  E^da^j  /deu  ,  is  significantly  lower  over  paths  (1)  and  (4)  where 
damage  is  inaeasing  than  it  is  over  paths  (2)  and  (3)  where  the  stress  is  below  that 
corresponding  to  the  existing  damage  so  that  no  new  damage  is  being  created.  The 
hysteresis  on  the  paths  (2)  and  (3)  is  caused  by  frictional  slip  on  the  starter  flaws  (see 
Fig.  1),  but  the  aacJc  extension  t  is  constant  over  these  paths. 

For  paths  (2)  and  (3),  where  the  cracks  are  not  extending,  the  results  of 
Budianski  and  O’Connell  (1976)  can  be  used  to  find  the  elastic  constants  as  a  function 
of  the  crack  density.  In  their  model  the  elastic  moduli  decrease  as  the  crack  density 

increases  where  the  crack  density  is  e  =  Nv^a^^,  which  may  be  expressed  in  terms  of 

damage  from  eqn.  (1)  as  D  =  jTCE  .  When  the  Young’s  modulus  and  Poison's  ratio 
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predicted  by  the  Budianski  and  O’Connell  model  are  plotted  as  a  function  of  the 
damage  they  are  both  roughly  linear  and  may  be  closely  approximated  by 
E  =  Eoa-0.425D)  (2) 

v  =  Vo-0.10D  (3) 

where  E©  and  Vq  are  the  moduli  of  the  uncracked  solid. 

In  Procedure  2  of  the  algorithm  in  Fig.  2,  the  isotropic  elastic  moduli  are 
calculated  using  the  damage  from  the  previous  time  step  in  equations  (2)  and 
(3).  These  moduli  are  then  used,  v/ith  the  current  strains,  ,  found  in  Procedure  1, 

to  calculate  the  new  stresses 


PrQ«:e.dHie.4;...Ca]iffllatiiPg  thg  Sqttilibrium  Pamags 

The  equilibrium  damage  D‘  appropriate  to  the  new  stress  state  is  found 
using  a  table  of  equilibrium  damage  as  a  function  of  the  dimensionless  pressure  p 
and  maximum  dimensionless  shear  stress,  x.  which  are  defined  in  terms  of  the 
dimensionless  stresses  sij  as 

P“i(Su+S22+®33) 

=  ^(^11  +  2833)  when  822  =  833  (4) 


t  =  -j(Sn-S33) 


where 


_  cr„Vi3 
5|j  - 


K 


(5) 


(6) 


1C 


These  tables  are  easily  calculated  using  the  analytic  expressions  in  Ashby  and 
Sammis  (1990)  for  any  given  initial  rock  type  and  size  spectrum  of  preexisting 
fractures. 

Since  Ashby  and  Sammis  (1990)  assume  uniform  deformation,  the  model  is 
inadequate  for  the  post-failure  regime  which  is  dominated  by  shear  localization.  As 
a  first  approximation,  we  assume  that  D  remains  fixed  beyond  failure  at  its  peak 
value,  and  that  x  falls  to  its  frictional  value,  Xf,  given  by 


3/1^-^- 


(7) 


Finally,  the  shear  stress  can  never  rise  above  the  yield  stress,  Gy,  which  is 
given  by 

=  -^[(ai  -02)^  +(<72  -aa)^  +(C3  -ai)^] 

=  (03-03)^  when  02  =  03  (8) 

The  yield  strength  Oy  can  be  derived  from  the  hardness,  H,  data  since  Oy=H/3.  At 
higher  values  of  x,  strain  is  accommodated  by  plastic  mechanisms  which  do  not 
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involve  aack  damage.  It  is  thus  possible  that,  at  very  high  values  of  p,  the  material 
could  yield  while  the  damage  remains  at  Do. 

Procedure  5;  Has  the  damage  increased  during  the  i  time  step? 

If  the  damage  D‘  appropriate  to  found  in  the  previous  step  is  less  than  or 

equal  to  D''^  in  the  preceding  time  step,  then  it  was  correct  to  use  the  Budianski  and 
O'Connell  (1976)  elastic  constants  given  by  eqns.  (2)  and  (3).  As  indicated  in  the  flow 

chart  the  just  determined  in  the  i^^*  time  step  can  then  be  used  in  the  equation  of 
motion  to  begin  the  i+1  time  step. 

However,  if  D*  >  D*'^,  then  the  damage  has  inaeased  during  the  i^^  time  step 
and  the  effective  elastic  constant  should  be  less  than  that  given  by  equations  (2)  and 
(3).  In  the  following  procedure  we  develop  an  algorithm  to  find  the  appropriate 

stress  and  damage  for  the  strain  e^p. 


Procedture  6;  If  the  Damage  Has  Not  Increased  During  the,  Time  Step 

If  the  equilibrium  damage  associated  with  the  new  stress  state  a^p  is  less  than 
the  current  damage  (from  the  previous  time  step)  D''^,  then  the  damage  remains 
unchanged  and  we  set  D‘=Di'^. 


Procedure  7;  Adjusting  the  Stress  and  Damage  if  the  Damage  Has  Inaeased 

D.wrin&.the  L*^J!im.e-.Stgp 

If  the  equilibrium  damage  associated  with  the  new  stress  state  is  greater 
than  the  current  damage  (i.e.,  if  D‘>D‘'^)  then  we  must  recalculate  the  stress.  As 
discussed  above,  this  is  because  the  elastic  constants  used  to  find  a„p  from  e„p  are 

too  large.  We  do  this  by  relaxing  a|jp  until  the  elastic  energy  released  during  the  i^^ 
time  step  is  equal  to  the  inaeased  aack  energy  associated  with  the  associated  damage. 

For  clarity,  we  begin  our  analysis  with  the  special  case  of  uniaxial  compression. 
Consider  an  increment  of  strain  which  is  caused  by  the  stress  cry.  The  work 
done  per  imit  volume  is  then 


(Jiideii  =  CTiideu®  +dWc 


(9) 


The  first  term  on  the  right  is  the  work  done  over  the  elastic  strain  increment  dCn®; 
the  second  is  the  work  done  to  extend  the  wing  cracks.  For  dCu®  we  write 

(10) 

The  work  required  to  extend  the  wing  cracks  from  ^  to  ^  +  5^  is 
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=  4Nv 


(11) 


In  this  expression  A  is  the  area  per  crack  at  the  beginning  of  the  i^h  time  step  while 
5A  is  the  increase  in  this  area  during  the  i^^  time  step.  E  is  the  effective  Young's 
modulus  appropriate  for  D*-^  (eqn.  2).  Ki  can  be  replaced  with  Kic  since  the  cracks 
grow  at  the  critical  stress  intensity.  We  can  express  A  and  5A  in  terms  of  the  damage 
as 


.  _  ;r(aa)- 


(12) 


for  Nv  we  write 


5A  =  iI^{[Df-[D'-'f} 


4;r 


aa 


D. 


Hence  the  aack  energy  becomes 


dWc  = 


_  3D„* 


aa  E 

With  these  substitutions,  equation  (9)  may  be  written 


(13) 

(14) 


(15) 


As  indicated  in  the  flow  diagram,  an'  is  incrementally  reduced,  a  new  D*  calculated, 

and  equation  (16)  reevaluated  until  it  is  satisfied.  The  relaxed  an'  is  then  used  in 
procedure  1  to  begin  the  i+1  time  step. 

Now  consider  the  case  of  interest:  triaxial  compression  in  which 
an  >  ^22  =  033.  In  this  case  equation  (9)  becomes 


andeji  +  2a33d£33  -  andcn*  +2a33de33®  +dWg  (17) 


Writing  d£33=:~vden  we  have 
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(cTii  -2v/a33)deii  =(ai,  -2VoCT33)d£,i®  +  dVyc 


(18) 


If  we  again  use  eqn.  (10)  for  dCu®  and  eqn  (15)  for  dW^,  eqn.  (18)  can  be  written: 


(crii-2vCT33)deli 


3Do^Ki£ 
aa  E 


(19) 


As  in  the  uniaxial  case,  we  relax  and  values  predicted  using  the 

Budianski  and  O'Connell  elastic  constants.  For  each  incremental  reduction  we 
recalculate  the  equilibrium  damage  D*  and  then  reevaluated  equation  (19)  until  it  is 
satisfied.  These  stresses  are  then  used  in  Procedure  1  to  begin  the  i+1  step. 

This  triaxial  case  presents  one  problem  that  has  not  been  discussed.  Both  csji 
and  O33  ( (j„  and  Oqq  for  the  spherical  source)  may  be  relaxed,  and  it  is  not  clear  how 
to  do  this  in  a  non-arbitrary  way.  This  problem,  however,  is  not  unique  to  the 
damage  formulation  and  must  be  faced  in  any  model  which  has  a  failure  surface. 
One  of  two  approaches  is  usually  used:  radial  return  or  normal  return.  In  the  radial 
return  scheme,  each  stress  is  reduced  an  amount  proportional  to  its  size.  The  stress  is 
thus  reduced  along  a  radius  in  p-T  space  until  the  energy  equation  (19)  is  satisfied.  In 
the  normal  return  scheme,  each  stress  is  reduced  in  such  a  way  that  the  return  is 
normal  to  the  failure  surface  and  thus  the  reduction  is  along  the  shortest  path  in  p-T 
space.  The  radial  return  is  usually  chosen  since  it  is  easier  to  implement  anc^  no 
physical  argument  has  been  made  for  either  scheme. 

CONCLUSIONS  AND  RECOMMENDATIONS 

We  are  now  implementing  the  above  algorithm  in  HYDROX,  a  spherical  one¬ 
dimensional  Lagrangian  source  simulation  code  developed  at  Los  Alamos  National 
Laboratory  and  kindly  supplied  by  Dr.  Sam  Shaw.  We  hope  to  have  results  by  the 
September  meeting.  Three  additional  problems  we  are  addressing  are  the  effects  of 
high  loading  rates  on  the  stress  intensity  factor,  the  effects  of  water  saturation  on  the 
fracture  me^anics,  and  the  effects  of  a  spectrum  of  initial  fracture  sizes  in  the  source 
rock.  Solutions  to  all  three  exist  in  the  literature  -  it  is  simply  a  matter  of  including 
them  in  the  above  algorithm. 


REFERENCES 

Ashby,  M.F.,  and  C.G.  Sammis,  The  damage  mechanics  of  brittle  solids  in 
compression,  PAGEOPH,  133, 489-521, 1990. 

Budianski,  B.,  and  R.J.  O'Connell,  Elastic  moduli  of  a  cracked  solid,  Int.  J. 
Solids  struct,  12, 81-97, 1976. 


555 
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Objective 

The  use  of  regional  phases  to  determine  the  yield  of  nuclear  explosions  and  to  discriminate 
them  from  earthquakes  presently  requires  either  the  calibration  of  particular  source  receiver  paths 
or  improvement  in  our  understanding  of  regional  phase  generation  and  propagation.  To  enhance 
our  knowledge  of  path  specific  propagation  and  the  nature  of  regional  phases  we  have  analyzed  a 
new  data  set  of  hand  digitized  Soviet  explosions  and  digitally  recorded  earthquakes  in  Eurasia. 
The  objectives  of  this  study  are  to  empirically  determine  the  combined  geometrical  spreading  and 
attenuation  relations  for  Lg  and  Pmax  (maximum  amplitude  in  the  first  20  seconds  of  the  P  wave) 
using  the  large  dataset  of  explosions,  such  that  event  averaged  Prnax/Lg  ratios  for  both 
explosions  and  eanhquakes  can  be  computed  and  evaluated  as  a  source  discriminant  in  Eurasia. 

Research  Accomplished 

A  remarkable  correlation  between  amplitude  and  explosion  yield  has  made  the  Lg  phase 
extremely  useful  for  determining  the  yield  of  nuclear  explosions.  An  important  caveat,  however, 
has  been  the  necessity  of  obtaining  calibrated  explosions  for  each  site/station  network.  The 
calibration  accounts  for  unknown  differences  in  the  efficiency  of  coupling  explosion  yield  into 
Lg  and  for  variations  in  Lg  prapagaiion  along  different  paths.  The  araplimde  ratio  of  P  energy  to 
Lg  has  also  been  shown  to  be  useful  in  discrimination  at  regional  and  upper  mantle  distances, 
when  source-receivar  paths  from  both  the  earthquakes  and  explosions  are  similar.  In  the  absence 
of  calibration  data,  similar  source-receiver  geometries,  or  a  Wstory  of  previous  nuclear  testing,' 
the  usefulness  of  Lg  amplitudes  for  yield  estimation  and  source  discrimination  is  questionable. 
Here  we  attempt  to  determine  event  averaged  P/Lg  ratios  to  assess  tlieir  usefulness  as  a  source 
discriminanL  Our  first  year  of  work  has  focussed  on  an  empirical  study  of  the  spectral  properties 
of  Lg  and  other  regional  phases  using  a  new  data  set  of  hand  digitized  waveforms  of  nuclear 
explosions  at  Semipalatinsk  and  Matochkin  Shar  recorded  at  sevei^  Soviet  stations.  Our  second 
year  of  effort  has  supplemented  this  data  set  with  a  smaller  earthquake  data  set  to  determine  the 
variability  of  one  proposed  discriminant  (Pmax/Lg)  in  tiie  explosion  and  earthquake  populations 
and  to  assess  its  usefulness  in  non-proliferation  monitoring. 

The  data  set  of  hand  digitized  Soviet  nuclear  explosions  consists  primarily  of  explosions 
detonated  at  the  Semipalatinsk  and  Matochkin  Shar  test  sites  between  1964  and  1988  and 
recorded  at  up  to  ten  Soviet  stations.  The  earthquake  data  set  consists  of  digitally  recorded  events 
between  1988  and  1992  recorded  at  IRIS-IDA,  CDSN  and  ASRO  stations.  Explosion, 
earthquake  and  station  locations  are  indicated  in  Figure  la.  Figure  lb  shows  examples  of  the 
hand  digitized  waveforms  recorded  at  seven  stations  from  an  explosion  at  the  northeast  Balapan 
subregion  of  the  Semipalatinsk  test  site.  We  measured  rras  amplitudes  of  Pmax  and  Lg  in  the 
frequency  band  between  0.5- 1.0  Hz  after  normalizing  the  data  to  a  common  instnimenL  Lg 
amplitude  measurements  were  made  in  the  group  velocity  vrindow  3.1  to  3.7  km/s,  following  the 
procedure  of  Israeisson  (1991).  All  amplitudes  were  corrected  for  background  noise  and 
maximum  instrument  magnification. 

In  order  to  empirically  determine  amplitude-distance  relations  for  the  Pmax  and  Lg  phases, 
amplitudes  must  be  normalized  to  a  common  magnitude.  To  accomplish  this  we  determined  Lg 
and  Pmax  amplitude-mb  relations  for  the  different  source-receiver  geometries.  Plots  of  ISC  mb 
versus  Lg  and  Pmax  amplitude,  .averaged  for  explosions  with  the  same  mb,  at  the  Semipalatinsk 
and  Matochkin  Shar  test  sites  are  shown  in  Figures  2  and  3  respectively.  These  data  are  best  fit 
by  exponential  relationships  shown  above  the  plot  for  each  starion.  While  the  correlation  between 
amplitude  and  mb  is  quite  high  at  most  stations,  the  exponential  increase  of  amplitude  with  mb  is 
different  for  the  various  stations  and  tends  to  be  larger  at  the  more  distant  stations.  In  addition, 
the  increase  in  amplitude  with  mb  is  much  smaller  for  explosions  at  Matochkin  Shar  than  at 
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Semipalatinsk.  Ii  is  well  know  that  estimates  of  explosion  yield  using  Lg  amplitudes  can  be 
extremely  precise;  however,  different  propagation  paths  produce  different  explosion  yield-scaling 
behavior  (Ringdahl,  1990).  The  cause  of  the  differences  in  Lg-yield  scaling  slopes  between 
different  paths- is  not  understood.  Our  observation  of  increasing  slope  with  increasing 
propagation  distance,  supports  Lay's  contention  that  variations  in  Lg-yield  scaling  may  be  due  to 
frequency  dependent  source  scaling  effects  (personal  communication,  1993).  The  greater 
attenuation  of  Lg  a:  farther  distances  will  result  in  an  apparent  shift  in  the  source  spectra  to  longer 
periods  were  the  spectra  for  different  magnitude  explosions  are  farther  apart.  The  smaller  slopes 
observed  at  Matochkin  Shar  may  result  from  the  same  mechanism  since  this  test  site  has  only 
larger  yield  explosions  which  will  have  comer  frequencies  in  the  pass  band  of  the  data,  resulting 
in  smaller  amplitude  increases  with  increasing  source  size. 

We  use  the  derived  amplitude-mb  relations  to  normalize  all  amplitudes  to  a  common 
magnitude  of  5.9  to  determine  amplitude-distance  relations  for  Lg  and  Pmax.  Since  all 
explosions  at  Matochkin  Shar  have  a  portion  of  their  propagation  path  traversing  an  oceanic 
basin,  which  has  a  large  effect  on  Lg  propagation,  we  separate  Lg  from  the  two  test  sites  into 
different  groups  (Figures  4b  and  c).  A  power  law  decay  of  amplitude  with  distance  is  fitted  to  the 
data  yielding  r-2.0  and  r  -3  3  falloffs  with  relatively  high  correlation  coefficients  for  Lg  from  the 
Semipaladnsk  and  Matochkin  Shar  test  sites  respectively.  The  faster  decay  of  Lg  amplitude  with 
distance  for  explosions  at  Matochkin  Shar  agrees  with  the  stronger  attenuation  of  Lg  due  to 
oceanic  propagation  reported  by  Zhang  and  Lay  (1993).  Since  Pmax  consists  of  diving  P  wave 
energy,  Pn  and  possibly  Pg,  depending  on  the  distance  and  cimstal  structure,  we  separated  Pmax 
into  two  distance  ranges:  a<1500  and  A>1500  km.  For  a<15()0  km,  no  Pmax  amplitude  decay 
was  apparent,  the  amplitude  decay  foi  A>1500  km  is  shown  in  Figure  4a.  The  decre^ise  in  Pmax 
amplitude  with  distance  is  poorly  defined  with  a  much  lower  correlation  coefficient  than  Lg. 
Separation  of  the  Pmax  data  from  the  two  test  sites  did  not  result  in  higher  correlation, 
coefficients,  therefore  we  combined  the  data  lo  determine  the  best  amplitude-distance 
relationship. 

In  the  final  stage  of  the  analysis,  we  normalized  explosion  and  earthquake  Pmax  and  I  g 
amplitudes  to  a  distance  of  1(X)0  km,  and  averaged  values  from  several  stations  for  each  event. 
Figure  5  shows  the  distance  normalized,  average  Prnax/Lg  ratios  versus  ISC  body  wave 
magnitude.  A  separation  between  the  earthquake  and  explosion  populations  is  apparent  with 
some  overlap  between  sources.  Additional  amplitude  corrections  are  presently  being  investigated 
in  an  attempt  to  further  separate  the  amplitude  ratios  for  the  different  sources. 

Conclusions  and  Recommendations 

As  seismic  discrimination  efforts  shift  emphasis  to  parts  of  the  world  having  no  previous 
history  of  nuclear  testing,  comparison  of  phase  ratios  between  earthquake  and  explosion 
populations  will  no  longer  be  possible.  To  make  advances  in  seismic  monitoring  of  non¬ 
proliferation  treaties,  it  will  be  important  to  establish  the  variability  of  proposed  discriminants  in 
earthquake  populations.  If  earthquake  sources  alone  show  little  variation  in  regional  phase  ratios, 
than  ratios  from  unknown  sources  that  differ  dramatically  from  the  earthquake  population  can  be 
reliably  identified  as  explosions.  If,  on  the  other  hand,  earthquakes  reveal  a  large  scatter  in  phase 
ratios,  than  that  ratio  will  be  useless  for  non-proliferation  monitoring.  Although  we  found  a 
separation  in  Pmax/Lg  for  different  source  types  in  Eurasia,  the  present  scatter  in  the  earthquake 
population  is  unacceptable.  Future  work  should  concentrate  on  trying  to  reduce  this  scatter  by 
exploring  its  origins. 
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Figure  1  a)  Map  showing  location  of  explosions  (laigc  circles),  eartnquakes  (stars),  and  stations 
(triangles)  with  great  circle  paths  showing  source-station  geometry,  b)  Hand  digitized  vertical 
component  seismograms  for  an  cxplo.'sion  at  northeast  Balapan  reconled  at  different  stations. 
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Figure  2  Averaged  rms  Lg  (a)  and  rms  Pmax  (b)  amplitude  versus  mb  for  all  explosions  at  i.he 
Semipaiarinsk  test  site  recorded  at  different  stations.  The  distance  between  the  test  site  and  the 
starions  increases  from  the  top  to  the  bottom  of  die  page.  Best-fu  exponential  expressions  and 
correlation  coefficients  arc  shown  above  each  station. 
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Figure  3  Averaged  irns  Lg  (a)  and  rms  Pmax  '^b)  amplitude  versus  mb  for  all  explosions  at  the 
Matochkin  Shar  test  site  recorded  at  different  stations.  The  distance  between  the  test  site  and  the 
stations  increases  ftom  the  top  to  the  bottom  of  the  page.  Best- fit  cxponcnnal  expressions  and 
correlation  coefficients  are  shown  above  each  station.  Note  that  the  increase  of  both  Lg  and  Pmax 
amplitudes  with  magnitude  is  smaller  at  Matochkin  .Shar  than  at  Semipalatinsk. 
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Figure  4.  a)  Rms  Pmax  amplitude,  corrected  to  mb=5.9  using  relations  of  figures  2  and  3, 
versus  distance  for  explosions  at  both  Semipalaiinsk  and  Matochkin  Shar  test  sites  recorded  at 
stations  greater  than  1500  km.  Rms  Lg  amplitude  versus  distance  normalized  lo  mb=5.9  for 
explosions  at  b)  Semipalatinsk  and  c)  Matochkin  Shar.  The  amplitude  decay  is  faster  from 
Matochkin  Shar  than  Semipalatinsk. 
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Figure  5  Average  rms  Pmax,/Lg  ranos  versus  ISC  magnitudes  for  explosions  topcn  circles)  and 
eanhquakes  (closed  circles).  The  explosions  scatter  about  a  ratio  of  1  while  the  eanhquakes 
show  a  much  larger  range  in  ratios.  Even  with  the  large  .scatter,  the  eanhquake  ratios  are  lower 
than  the  explosion  ratios. 
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OB.TECTWE 

The  Intelligent  Monitoring  System  (IMS)  is  one  of  several  related  systems  that  SAIC  and  its 
subcontractors  (primarily  Inference  Corporation)  have  developed  for  automated  and  interactive 
analysis  of  data  from  a  network  of  seismic  stations  to  detect,  locate  and  identify  seismic  events.  It 
has  been  operating  nearly  continuously  since  1989  while  evolving  through  several  increasingly 
capable  versions.  The  main  objective  of  our  current  contract  is  to  improve  the  performance  of  7M5 
by  extending  the  reasoning  in  our  Expert  System  for  Association  and  Location  (ESAL),  and  add¬ 
ing  the  capability  to  collect,  organize,  and  represent  region-specific  knowledge.  We  have  focussed 
on  adding  data  from  new  types  of  stations  and  developing  techniques  for  rapid  adaptation  to  data 
from  stations  in  new  areas. 


RESEARCH  ACCOMPLISHED 

The  first  version  of  IMS  was  used  to  detect  and  locate  regional  events  recorded  by  two  25-ele¬ 
ment  arrays  in  Norway;  NORESS  and  ARCESS.  The  second  version  was  extended  to  detect  and 
locate  all  seismic  events  recorded  by  an  arbitrary  network.  This  version  was  installed  for  opera¬ 
tion  in  November,  1990,  with  data  from  NORESS,  ARCESS,  and  a  16-element  array  in  Finland 
(FINESA).  In  March  1991,  data  from  a  25-element  array  in  Germany  (GERESS)  was  added  to  the 
IMS.  This  array  is  located  in  a  different  geologic  and  tectonic  environment,  and  therefore  addition 
of  region-specific  knowledge  became  important. 

In  the  current  contract,  our  focus  has  been  on  improving  IMS  for  existing  stations  by  adding 
region-specific  knowledge,  and  extending  IMS  by  adding  data  from  new  types  of  stations  in  new 
areas.  We  developed  region-specific  travel  and  azimuth  corrections  for  paths  to  GERESS,  and 
new  station- specific  tables  for  the  Bayesian  mles  in  IMS  for  final  identification  of  regional  phases. 
We  enhanced  the  IMS  to  process  and  interpiet  data  from  3-component  stations,  initially  witii  data 
recorded  by  sbc  IRIS  stations  in  the  CIS.  Other  station  tjpes  being  added  to  the  IMS  include  9-ele¬ 
ment  mint-arrays  (Apatity  and  Spitzbergen;  and  4-eletnent  micro-arrays  (Kislovodsk).  Our  most 
recent  work  emphasizes  automated  processing  and  interpretation  of  data  from  a  global  network  to 
support  new  concepts  being  considered  by  the  U.N.  Conference  on  Disarmament’s  Group  of  Sci¬ 
entific  Experts  (GSE).  Tliis  is  motivating  the  development  of  new  methods  to  represent  and  use 
relevant  knowledge,  such  as  the  probability  of  detection  at  a  station  given  estimates  of  the  noise 
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level  and  an  event  location/magnitudc  hypothesis.  Our  progress  for  each  of  these  new  station 
types  and  networks  are  described  in  separate  sections  below.  The  first  section  describes  our  con¬ 
cept  for  acquiring  new  knowledge  and  our  metrics  for  performance  evaluation. 

Knowledge  Acquisition  and  Performance  Analysis 

Our  objective  is  to  minimize  the  number  of  events  where  ESAL  makes  serious  errors.  To 
improve  ESAL  at  that  level,  we  must  incorporate  more  seismological  knowledge,  particularly 
about  region-specific  signal  characteristics.  We  adopted  the  expert  system  approach  to  obtain  the 
flexible  framework  needed  for  representing  this  knowledge.  Our  approach  to  acquiring  new 
knowledge  is  sketched  in  Figure  1.  As  shov/n,  ESAL  does  the  automated  interpretatioii  and  writes 
its  results  to  the  data  management  system,  along  with  an  audit  trail  which  records  the  most  impor¬ 
tant  rules  used  in  the  reasoning  process.  An  analyst  then  reviews  the  ESAL  results,  corrects  them 
as  necessary,  and  writes  the  edited  results  to  the  data  management  system.  Performance  analysis 
is  then  done  by  another  expert  s>  stem  which  compares  the  automated  and  analyst  results.  Data 
summarizing  the  results  of  this  comparison  are  then  written  to  the  data  management  system.  The 
Performance  Analysi.s  Expert  System  includes  some  deductive  reasoning  to  decide  which  ele¬ 
ments  of  the  ESAL  reasoning  process  have  implicitly  been  rejected  by  the  analyst,  and  the  corre¬ 
sponding  elements  of  the  audit  trail  are  marked  accordingly. 
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Figure  1,  Knowledge  acquisition  in  IMS. 

The  objectives  of  performance  analysis  are  to  measure  progress  in  automated  processing,  and 
to  focus  attention  on  those  elements  of  ESAL  where  improvement  will  be  most  effective.  The 
knowledge  contained  in  ESAL  is  represented  in  various  forms,  and  the  knowledge  acquisition  is 
done  differently  and  with  varying  degrees  of  automation  for  each.  As  indicated  in  Figure  1,  the 
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knowledge  acquisition  methods  include  Bayesian  analysis,  training  of  neural  networks,  statistical 
analysis,  computing  fuzzy -logic  membership  functions,  and  generation  of  new  and  modified 
rules.  Examples  of  Bayesian  analysis  and  neural  networks  are  discussed  later  in  this  paper.  Statis¬ 
tical  analysis  is  used  to  estimate  numerous  parameters  and  thresholds  that  express  the  details  of 
the  knowledge  represented  in  the  rules.  The  fuzzy-logic  technique  is  being  used  in  the  event  iden¬ 
tification  portions  of  IMS  [Sereno  and  Wahl,  1993],  but  this  is  outside  the  scope  of  this  paper.  The 
final  step  is  to  add  the  new  knowledge  to  ESAL.  Unless  it  requires  additions  or  changes  to  the 
structure  of  the  lules  and  fundamental  reasoning  process,  the  new  knowledge  is  added  as  parame 
ters  and  functions  that  are  external  to  the  ESAL  source  code. 

Wc  developed  two  metrics  for  evaluating  the  overall  performance  of  die  automated  process¬ 
ing.  The  first  is  a  measure  of  the  quality,  Q,  of  the  automated  bulletin  with  respect  to  the  analyst’s 
bulletin: 

Q  =  (/»d)'‘(l-/ya)^^""^ 

Pd  represents  the  proportion  of  events  in  the  analyst’s  bulletin  that  are  detected  by  the  automated 
system.  It  is  a  weighted  sum  of  events  that  are  accepted  or  corrected  by  the  analyst,  with  the 
weight  depending  on  the  distance  between  the  analyst’s  location  and  the  location  determined  by 
the  automated  system.  Pfa  is  the  percentage  of  events  in  the  automated  bulletin  that  are  subse¬ 
quently  rejected  by  the  analyst  (i.e.,  false-alarms).  The  exponent,  n,  is  used  to  assign  different 
weights  to  the  detection  of  real  events  (i.e.,  events  in  the  analyst’s  bulletin)  and  fal.se-aiarms.  Wc 
are  currently  using  /i=0.75,  which  gives  more  weight  to  the  detection  of  real  events. 

The  other  metric  is  a  normalized  estimate  of  the  amount  of  effort  required  by  an  analyst  to 
correct  the  automated  bulletin.  'The  analyst  effort,  E,  is  defined  as: 

where  T  is  the  time  to  analyze  the  automated  bulletin,  Tq  is  tlie  time  to  validate  a  perfect  auto¬ 
mated  bulletin,  and  ‘S  the  time  to  produce  the  analyst  bulletin  without  automated  interpreta¬ 
tion.  E  is  zero  if  the  automated  bulletin  is  the  same  as  the  analyst’s  bulletin  (T=Tq),  and  it  is  unity 
if  automated  interpretation  is  not  done  {T=T^^).  The  time  estimates  are  based  on  the  number  of 
accepted,  corrected,  rejected,  and  added  events;  and  on  the  number  of  ajialysi  edits  (e.g.,  retimed, 
associated  or  disassociated,  renamed,  and  added  phases). 

High-frequency  Regional  Arrays 

Most  of  our  operational  experience  is  with  the  high-frequency  regional  arrays  in  Norway, 
Finland,  and  Germany.  Table  1  summarizes  the  performance  of  several  versions  of  ESAL  for  data 
recorded  by  these  arrays  during  a  15-day  period  in  September,  1991.  The  column  headings 
include  the  ESAL  version  dates.  'The  first  column  lists  the  results  for  the  version  that  was  used  in 
routine  operation  {ESAL_8I91).  Tlie  results  for  two  later  versions  appear  in  the  next  two  columns. 
The  first  row  is  the  number  of  analyst-verified  events,  and  the  second  row  is  the  number  of  events 
formed  automatically  by  ESAL.  Tne  next  two  rows  list  the  number  of  ESAL  events  whose  loca¬ 
tion  was  moved  by  the  analyst  by  <50  km  and  >50  km,  respectively.  The  fifth  row  is  the  number 
of  events  that  were  added  by  the  analyst  (i.e.,  mis.sed  by  ESAL),  and  the  sixth  row  is  the  number 
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of  events  that  were  rejected  by  the  analyst  (i.e.,  false-alarms).  The  last  two  rows  give  the  analyst- 
effort  and  bulletin-quality  metrics  described  in  the  previous  section. 


Table  Ir  Performance  Summary  for  High-Frequency  Regional  Arrays 


- 

ESAL_SI91 

ESAL_2I92 

ESALJI93 

Analyst  Events 

904 

904 

904 

ESAL  Events 

1672 

1422 

1022 

Moved  <  50  km 

599 

586 

599 

Moved  >  50  km 

208 

220 

176 

Added  Events 

97 

98 

129 

Rejected  Events 

865 

616 

2A1 

Effort 

0.46 

0J8 

0J>7 

Quality 

0.73 

0.76 

0.80 

There  has  been  clear  and  steady  improvement  in  IMS  for  data  from  these  high-frequency 
regional  arrays  since  August,  1991.  This  is  due  to  development  of  new  and  modified  rules  to 
reduce  the  number  of  false-alarms  and  to  development  of  station-specific  tables  for  the  Bayesian 
rules  used  for  final  identification  of  regional  phases  [Bache  et  al.,  1993].  For  example,  the  identi¬ 
fication  of  regional  5  phases  as  Sn,  Lg,  or  Rg  is  based  on  Bayesian  rules  using  signal  characteris¬ 
tics  (e.g.,  phase  velocity,  a  distance-normalized  estimate  of  frequency,  and  horizontal- to- vertical 
amplitude  ratio)  and  contextual  characteristics  (e.g.,  the  phase  is  the  only  5  phase,  the  first  of  two 
5  phases,  the  first  of  many  5  phases,  or  the  largest  S  phase).  Bache  et  al.  [1993]  show  that  these 
characteristics  are  significantly  different  at  GERESS  than  they  are  at  the  arrays  in  Scandinavia. 
The  tables  used  in  the  Bayesian  rules  are  a  good  example  of  compact  knowledge  representation  in 
a  form  compatible  with  convenient  acquisition  of  station-dependent  knowledge.  Station-specific 
tables  for  the  Bayesian  rules  were  introduced  into  the  IMS  in  July,  1992. 

Region- specific  travel  time  and  azimuth  corrections  were  also  developed  for  paths  to  GER¬ 
ESS  [Sereno  et  al,  1992].  This  form  of  region-specific  knowledge  does  not  contribute  to  the  per¬ 
formance  metrics  in  Table  1  since  both  ESAL  and  the  analyst  use  tiie  same  travel-time  curves  and 
azimuth  corrections.  However,  these  corrections  significantly  improve  the  accuracy  of  the  event 
locations.  For  example,  >200  single-station  events  recorded  at  GERESS  were  located  with  and 
without  tile  region-specific  corrections.  On  average,  the  locations  are  38%  closer  to  locations  in 
the  PDE  bulletin  when  the  region-specific  corrections  are  used  than  when  they  are  computed  with 
the  reference  model  for  Scandinavia. 

IMS  Arrays  and  3-Coi  ponent  IRIS  Stations 

We  enhanced  the  IMS  to  process  and  interpret  data  firom  3-component  stations,  initially  with 
data  recorded  by  six  IRIS  stations  in  the  CIS.  This  motivated  the  development  of  neural  networks 
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for  interpreting  a  suite  of  signal  features  to  identify  initial  wave  type  [Patnaik  and  Sereno,  1991], 
as  well  as  the  capability  to  add  late-aniving  data. 

Table  2  summarizes  ESAL’s  performanct  for  a  one-week  set  of  IMS+IRIS  data.  The  analyst’s 
bulletin  from  the  IMS  arrays  was  used  as  a  staning  solution  for  the  IMS+IRIS  processing  (i.e.,  the 
IRIS  data  provided  an  incremental  addition  to  an  existing  bulletin).  Table  2  gives  the  results  for 
events  tliat  were  detected  by  at  least  one  of  the  IRIS  stations  (AAK,  ARU,  GAR,  KIV,  OBN, 
TLY).  The  major  change  between  ESAL_2I92  and  ESAL_I2I92  is  the  incorporation  of  a  neural 
network  for  identifying  initial  wave  type  (regional  P,  regional  S,  teleseism,  noise).  The  earlier  ver¬ 
sion  did  this  task  with  rules  based  on  rectilinearity  and  horizontal-to-vertical  amplitude  ratios.  The 
neural  network  uses  these  and  other  polarization  parameters  plus  context  (e.g.,  number  of  arrivals 
before  and  after  the  arrival  in  question),  and  spectral  content.  ESAL_l/93  used  improved  station- 
specific  neural  network  weights  derived  from  a  larger  training  data  set. 


Table  2:  Performance  Summary  for  the  IMS-fIRIS  Network 


ESAL  2192 

ESALJ2I92 

ESALJI93 

Analyst  Events 

265 

265 

265 

ESAL  Events 

1069 

528 

381 

Moved  <  50  km 

118 

139 

129 

Moved  >  50  km 

92 

74 

84 

Added  Events 

55 

52 

52 

Rejected  Events 

859 

315 

168 

Effort 

1.03 

0.55 

0.46 

Quality 

0.52 

0.64 

0.70 

Like  the  Bayesian  rules,  the  neural  network  weights  are  an  example  of  compact  knowledge 
representation  that  facilitates  acquisition  of  station-dependent  knowledge.  Adding  tlie  neural  net¬ 
work  made  a  significant  improvement  in  ESAL’s  performance  for  3-component  data  (c.g.,  the 
analyst-^ort  was  reduced  by  more  than  a  factor  of  two).  However,  ESAL  performs  much  better 
with  data  from  high-frequency  arrays  than  with  data  from  3-coraponent  stations.  One  of  the  main 
reasons  is  that  the  latter  provide  no  estimates  for  regional  5-wave  azimuths,  and  these  are  impor¬ 
tant  for  grouping  arrivals  that  belong  to  the  same  event.  The  result  is  a  much  higher  false-alarm 
rate  for  3- component  data. 

Micro-Array  in  Kislovodsk 

Micro-arrays  were  originally  suggested  by  Kvcerna  and  Ringdal  [1990]  as  a  less-costly  alter¬ 
native  which  still  provided  slowness  and  azimuth  estimates  accurate  enough  for  reliably  identify¬ 
ing  ...irial  wave-type  and  grouping  arrivals  that  belong  to  the  same  event.  In  particular,  they  found 
that  f  k  analysis  of  NORESS  A-ring  data  provided  adequate  resolution  for  an  accuracy  of  95%  for 
automated  identification  of  P  and  5  phases,  and  azimuth  uncenainties  of  about  30°  for  regional  P 
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and  5  phases.  Based  on  these  results,  Scripps  Institution  of  Oceanography,  the  Center  for  Seismic 
Studies  (CSS),  and  the  Experimental  Methodical  Expedition  (EME)  in  Obninsk  collaborated  on 
an  experiment  to  establish  and  operate  a  4-element  micro-array  in  Kislovodsk  [Be*'ger  et  al., 
1992]*.  • 

We  analyzed  a  two-week  data  set  from  the  micro-array  in  Kislovodsk  (KIVO).  While  this  data 
set  is  too  small  for  definitive  conclusions,  our  preliminary  results  suggest  that  the  slowness  esti¬ 
mates  from  this  array  are  not  accurate  enough  for  reliable  identification  of  initial  wave  type.  For 
example,  the  accuracy  is  <50%  for  regional  P,  S,  and  teleseisms,  and  it  is  about  90%  for  noise.  In 
contrast,  our  neural  network  applied  to  3-component  data  identifies  >95%  of  the  regional  P,  5,  and 
teleseisms  correctly,  and  >90%  of  the  noise  detections.  We  added  the  f-k  slowness  estimate  to  our 
neural  network,  but  this  did  not  improve  the  accuracy  of  the  KTVO  initial  wave  type  identification 
very  much.  The  main  advantage  of  the  micro-array  over  a  3-component  station  is  that  the  array 
provides  azimuth  estimates  for  regional  S  waves  to  aid  the  grouping  of  arrivals  from  the  same 
event.  However,  the  KTVO  azimuth  uncertainties  are  much  larger  than  they  are  for  NORESS-type 
arrays.  For  example,  for  typical  regional  signals  the  azimuth  uncertainty  is  about  7®  for  NORESS- 
type  arrays  and  about  35°  for  KIVO.  While  this  uncertainty  too  large  to  be  useful  for  location,  it 
.nay  be  accurate  enough  to  reduce  the  number  of  false  events  formed  by  ESAL.  A  much  larger 
analyst-verified  data  set  is  needed  to  investigate  this  conjecture.  Such  a  data  set  is  being  compiled 
at  CSS  for  KTVO  and  two  9-element  mini-arrays  (Apatity  and  Spitzbergen).  We  will  use  these  data 
quantify  the  dependence  of  the  false-alarm  rate  on  the  array  geometry. 

Global  Network  (GSETT-l ) 

Our  most  recent  work  emphasizes  automated  processing  and  interpretation  of  data  from  a 
global  network  to  suppon  new  concepts  being  considered  by  the  U.N.  Conference  on  Disarma¬ 
ment’s  Group  of  Scientific  Experts  (GSE).  Our  most  extensive  experience  with  data  from  global 
networks  stems  from  the  GSE’s  second  technical  test  (GSETT-2)  in  April-June,  1991.  ESAL’s 
performance  is  summarized  in  Table  3  for  the  GSETT  network  (>50  stations)  for  a  5-day  period 
that  was  carefully  reanalyzed  at  CSS  subsequent  to  the  experiment. 

The  first  column  of  Table  3  shows  the  results  for  ESAL_I2I9I  which  was  run  just  prior  to  the 
reanalysis  at  CSS.  The  analyst-effort  is  higher  for  this  network  than  it  is  for  the  regional  arrays 
because  a  higher  percentage  of  the  events  are  at  teleseismic  distances,  and  these  arc  more  difficult 
to  form  correctly  (e.g.,  they  are  detected  by  more  stations  and  can  have  many  nrore  associated 
arrivals).  On  the  other  hand,  the  analyst-effort  is  less  for  ilie  GSETT  network  than  it  is  for  the 
IMS+IRIS  network  because  the  station  processing  (initial  wave  type  identification,  event  group¬ 
ing,  and  final  identification  of  regional  phases)  was  done  by  seismologists  rather  than  by  ESAL. 
Many  of  the  false  (i.e.,  rejected)  events  produced  by  ESAL_12I91  were  formed  using  data  from  an 
unlikely  combination  of  stations.  We  introduced  the  probability  of  detection  at  each  station  into 
the  association  process  and  event  confirmation  in  ESAL_6I93  to  reduce  the  number  of  these  false 
events.  Our  initial  implementation  was  successful  in  this  regard,  but  it  was  at  the  cost  of  missing 
more  real  events  (i.e.,  added  events  in  Table  3).  The  net  result  was  only  a  slight  improvement  in 
ESAL’s  performance  as  measured  by  our  metrics.  It  is  clear  that  probability  of  detection  is  new 
and  valuable  information  for  automated  Interpretation,  but  the  ESAL  implementation  will  require 
more  tuning. 
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Table  3:  Performance  Summary  for  GSETT-2 


ESALJ2I91 

ESAL_6/93 

Analyst  Events 

412 

412 

AA  Events 

442 

342 

Moved  <  50  km 

121 

123 

Moved  >  50  km 

186 

160 

Added  Events 

105 

129 

Rejected  Events 

135 

59 

Effort 

0.38 

0.36 

Quality 

0.62 

0.64 

CONCLUSIONS  AND  RECOMMENDATIONS 

New  concepts  are  being  considered  by  the  GSE  and  ARPA/NMRO  for  global  seismic  moni¬ 
toring  at  magnitude  thresholds  that  are  much  lower  than  can  be  achieved  by  existing  networks. 
There  is  no  question  that  a  high-degree  of  automation  will  be  required  to  achieve  this  goal.  The 
effectiveness  of  the  automation  will  depend  on  how  well  region-specific  knowledge  can  be  repre¬ 
sented,  and  how  rapidly  new  stations  can  be  added  to  the  monitoring  network.  These  issues  have 
been  the  main  focus  of  our  work  with  data  from  regional  networks.  We  are  now  extending  this  to 
data  from  a  global  network  to  support  the  new  concepts  that  are  emerging  from  the  GSE. 
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OBJECTIVE: 

Near-source  observations  whether  they  are  from  nuclear  or  chemical  explosions  provide 
the  opportunity  for  constraining  the  source  model  with  minimal  contamination  from 
complex  propagation  path  effects.  These  source  models  are  in  turn  useful  in  understanding 
and  interpreting  seismic  energy  observed  at  regional  and  teleseismic  distances.  In  the  case 
of  chemical  explosions  and  particularly  mining  explosions  these  source  characterizations 
can  be  used  in  understanding  discriminants  designed  to  separate  event  populations.  The 
work  reported  in  this  paper  is  designed  to  improve  our  physical  understanding  of  single,  . 
nuclear  and  chemical  explosions. 

The  first  part  of  this  paper  summarizes  a  nonlinear  inversion  procedure  that  utilizes  near¬ 
source  seismic  data  to  determine  the  parameters  of  the  explosion  source  model  including 
moment,  comer  frequency,  overshoot,  high  frequency  decay  and  Q.  Synthetic  tests 
illustrate  the  utility  of  both  prewhitening  and  damping  in  the  procedure  to  speed 
convergence  and  maintain  independence  of  parameters.  A  propagation  path  correction 
must  be  made  in  order  to  complete  the  source  inversions.  Path  corrections  as  simple  as  an 
elastic  whole  space  to  as  complex  as  a  layered  structure  are  investigated.  Different  portions 
of  the  near-source  waveforms  including  body  waves,  surface  waves  and  complete 
waveforms  as  well  as  different  frequency  bands  are  considered  in  the  inversions.  Trade¬ 
offs  between  inadequacies  in  the  propagation  path  models  and  the  source  models  are 
identified.  These  trade-offs  ate  found  to  be  source  model  dependent.  Source  models  are 
divided  into  two  parametcrizations:  a  Sharpe/Blake  type  (includes  the  models  of  Mueller 
and  Murphy,  1971,  and  Denny  and  Goodnian,  1990)  and  a  Haskell  type  (includes  models 
of  von  Seggem  and  Blandford,1972,  Helmberger  and  Hadley,  1981,  and  Haskell,  1967). 

The  second  part  of  this  report  describes  empirical  work  designed  to  identify  differences 
between  chemical  and  nuclear  explosions  as  well  as  quantify  source  scaling  relations.  A 
number  of  Rainier  Mesa  nuclear  explosions  have  been  instramented  in  the  near-source 
region  for  the  purposes  of  source  characterization.  The  explosions  include  MISTY  ECHO, 
MINERAL  QUARRY  and  HUNTERS  TROPHY.  Both  free  surface  and  frec-field  data 
have  been  recovered.  A  chemical  explosion  with  a  yield  near  1  kt  is  planned  for  the  Fall 
(CK,  Chemical  Kiloton).  The  same  instrumentation  array  deployed  on  the  previous 
nuclear  explosions  is  planned  for  this  event  In  preparation  for  the  large  chemical 
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explosion,  a  300  lb  calibration  shot  (CK  Cal)  was  detonated  at  the  centroid  of  CK.  The 
near-source  seisntic  array  was  deployed  for  this  calibration  shot  as  well.  Comparisons 
between  the  nuclear  explosion  and  the  CK  Cal  shot  data  are  prese.ited.  This  simple 
comparison  suggests  that  scaling  relations  between  chemical  and  nuclear  explosions  might 
be  investigated  with  such  data  sets. 

RESEARCH  ACCOMPLISHED: 


EXPLOSIONS  SOURCE  INVERSIONS:  An  inversion  scheme  is  developed  to  recover 
explosion  source  model  parameters  from  near-source  data.  The  model  is  formulated  in  the 
frequency  domain  and  is  shown  to  be  nonlinear  m  the  source  model  parameters: 


|u(o))l  =  P(co)- 
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where  the  first  term  on  the  right,  P(£d),  is  the  path  model  which  could  be  as  simple  as  that 
for  a  homogeneous  full  space  or  as  complex  as  that  for  a  layered  structure.  The  second 
term  on  the  right  is  the  source  model.  It  can  represent  a  Bnine  model  with  n=2  and  B=0,  a 
von  Seggem-Blandford  model  with  n=2  or  a  Helmberger-Hadley  model  with  n=3.  The 
third  term  on  the  right  is  the  simple  attenuation  model  applied.  The  model  parameters  that 
will  be  determined  by  the  inversion  include  or  moment,  the  comer  frequency  k,  the 
overshoot  parameter  B  and  attenuation  operator  Q.  Trade-offs  among  these  parameters  in 
the  nonlinear  inversions  are  investigated  as  well  as  biases  introduced  by  assumptions 
concerning  the  propagation  path  effects,  P(a)). 


A  number  of  inversion  schemes  for  source  model  parameters  were  tested  against  synthetic 
data  sets.  These  included  the  simple  Newton’s  iterative  method: 


mwl  =  "n  +  P  (I?  cy'  (Gj(g(ni><i))  (2) 


where  equation  1  is  represented  as  d  =  g(m),  m  are  the  model 

3g 

parameters  and  G  =  — 
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Inversion  with  prewhitening  using  the  data  covariance  matrix  (Cd  =  g^(mn)); 

=  ni„  +  p  (QI'  Cj‘  G/‘  (C?  Q'(g(m>d))  (3) 

Inversion  with  damping  (I)  was  introduced  to  minimize  trade-offs  among  parameters: 
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mn+i  =  nin  +  P  (GJ  G„  + 1)"^  (Gj(g(m  J-d)) 

Finally  a  technique  which  includes  botli  prewhitening  and  damping: 


(4) 


mnri  =  ">n  +  P  (Gn  Q‘  On  +  o''  {(Oj  Q‘(g(ni„)-<1))  +  I(m„  -  m^,)}  (5) 


An  initial  set  of  trial  inversions  were  attempted  in  which  the  propagation  path  model  (P(fi)) 
in  equation  1)  was  assumed  known.  These  trials  with  different  types  of  synthetic  noise 
provided  the  opportunity  to  identify  trade-offs  among  model  parameter.s  and  investigate 
questions  associated  with  uniqueness,  stability,  rate  of  convergence  and  residual  analysis. 
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Figure  1:  Condition  number  for  source  inversions  using  equation  2  (no  prewhitening  or 
damping),  equation  3  (prewhitening  only),  equation  4  (damping  only),  and  equation  5 
(prewliitening  and  damping).  The  numbers  in  parentlicsis  are  the  total  iterations  required 

by  each  method 


These  numerical  experiments  illustrated  that  in  the  case  where  there  arc  trade-offs  between 
model  parameters,  such  ss  comer  frequency,  overshoot  and  long  period  spectral  level  in 
our  case,  that  damping  is  necessary  and  prewhitening  improves  convergence  (Figure  1). 
Equation  5  was  found  to  be  the  preferred  approach  for  source  model  determination.  The 
trade-offs  between  model  parameters  was  also  shown  io  be  dependent  upon  the  bandwidth 
of  tlie  data.  Equation  1  can  be  applied  to  frequencies  high  relative  to  the  comer  frequency 
(f»fo)  and  shown  for  a  von  Seggem-BIandford  model  (n=2)  to  equivalent  to: 
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This  equation  illustrates  the  inability  to  resolve  the  so'orce  parameters  with  only  high 
frequency  data  and  the  need  to  include  as  broadband  data  as  possible.  Separation  of  Tl,  and 
B  is  only  possible  with  the  longest  period  data  well  below  the  comer  frequency. 
Unfortunately  reliable  long  period  strong  motion  data  is  difficult  to  recover  in  the  field. 

The  next  step  in  the  study  was  the  investigation  of  possible  trade-offs  between  propagation 
path  and  source  models.  These  trials  were  conducted  by  using  equation  1  to  generate 
synthetic  data  using  a  particular  propagation  path  model  and  then  completing  inversions 
with  a  simplified  propagation  model.  The  purpose  of  this  exercise  was  the  identification  of 
a  simple  operational  procedure  for  recovery  of  stable  source  model  estimates.  Propagation 
path  effects  taken  into  account  included  the  near-field  term,  amplimde  partitioning  at  the 
free-suiface,  body  and  surface  wave  contributions,  secondary  source  contributions  such  as 
those  from  spall,  and  near-receiver  effects.  In  these  trials,  u(m)  was  generated  for  an 
elastic  half-space  and  then  inversions  were  attempted  retaining  complete  waveforms,  body 
waves  only,  and  surface  waves  only  as  data.  In  each  of  the  inversions,  different 
assumptions  were  made  concerning  the  appropriate  propagation  path  correction. 

When  the  near-field  term  was  not  included  in  the  propagation  path  correction,  P(co), 
although  it  remained  in  the  data,  it  was  found  that  the  long  period  spectral  level  Tl,  and 
overshoot  B  were  strongly  biased  by  data  within  1-2  wavelengths  of  the  source.  As 
observations  at  farther  ranges  were  included,  inversions  using  Green's  functions  with  no 
near-field  contribution  did  not  bias  the  source  estimates. 

Inversions  were  attempted  with  just  the  body  wave  component  of  the  data.  It  was  found 
that  the  major  propagation  path  effect  in  this  case  was  the  interaction  of  the  wavefield  with 
the  free  surface.  Whole  space  Green's  functions  in  combination  with  waveform 
partitioning  between  vertical  and  horizontal  components  as  predicted  by  Zoeppritz's 
equations  were  adequate  for  recovery  of  the  original  source  parameters  at  high  frequency. 
As  equation  6  illustrates,  the  long  period  level,  overshoot  and  comer  frequency  could  only 
be  determined  in  their  combined  form  at  high  frequencies.  The  point  here  is  that  the 
propagation  path  effects  could  be  simply  taken  into  account  at  high  frequencies. 

The  last  set  of  numerical  experiments  used  data  that  included  both  body  and  surface  waves 
but  the  Green's  functions,  P(to),  in  the  inversions  assumed  that  there  were  only  body 
waves  present  Tlie  purpose  of  this  trial  was  to  investigate  source  biases  introduced  by 
near-source  surface  waves.  The  synthetic  data  were  generated  by  the  O)"^  source  model  of 
von  Seggem  and  Blandford  (n=2).  When  inversions  were  completed  using  the  0)“^  source 
model  of  Helmberger  and  Hadley  (n=3  in  equation  1),  the  high  frequencies  in  the  synthetic 
data  were  well  matched.  Near-source  surface  wave  contributions  produce  a  high  frequency 
spectrum  that  decays  more  rapidly  than  that  from  the  body  waves  and  in  this  case  the 
inversions  misinterpreted  this  part  of  the  data  as  a  high  frequency  source  decay.  These 
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results  emphasize  the  importance  of  including  surface  wave  contributions  in  Green's 
functions  used  to  interpret  the  near-source  data  from  shallow  explosions. 

NUCLEARICHEMICAL  SOURCE  SCAUNG  EXPERIMENTS:  The  second  portion  of 
our  near-source  studies  is  in  progress.  It  involves  free  surface  and  free-field  measurements 
at  the  same  receivers  for  a  number  of  nuclear  explosions  (MISTY  ECHO,  MINERAL 
QUARRY,  HUNTERS  TROPHY)  and  chemical  explosions  (CK  and  CK  Cal)  at  Rainier 
Mesa.  The  purpose  of  this  woric  is  to  establish  scaling  relations  between  these  different 
sources  minimizing  local  receiver  effects.  Hguic  2  compares  a  vertical  accelerogram  from 
the  nuclear  explosion  HUNTERS  TROPHY  with  a  vertical  velocity  record  for  the  CK  Cal 
at  station  2  (approximate  range  of  1.4  km  from  each  source). 


Re^piaocyCKi)  T5ine(8) 


Hgure  2:  Vertical  accelerogram  from  the  nuclear  explosion  HUNTERS  TROPHY  and 
velocity  waveform  from  the  CK  Cal  (300  lbs)  both  observed  at  Station  2  on  Rainier  Mesa. 
The  velocity  spectra  for  the  two  waveforms  arc  displayed  to  the  left. 


The  observations  are  corrected  for  instrument  response  and  compared  in  the  firequency 
domain  on  the  left  hand  side  of  Figure  2.  The  comer  frequency  of  the  nuclear  explosion  in 
the  velocity  is  near  1  Hz  while  that  for  the  small  (300  lbs)  calibration  chemical  shot  is  quite 
high,  >30  Hz.  In  order  to  remove  the  receiver  effect,  a  simple  spectral  ratio  between  the 
two  observations  was  created.  The  nuclear  and  chemical  explosions  are  close  to  one 
another  and  thus  this  procedure  provides  the  opportunity  to  identify  source  differences 
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between  the  two  shots  within  the  data  bandwidth  (1-70  Hz).  The  ratio  in  Figure  3  indicates 
at  the  longest  periods  a  source  difference  of  2x10^.  The  high  frequency  decay  between  the 
two  source  comer  frequencies  (1, 30  Hz)  is  no  greater  than 
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Figure  3:  Vertical  velocity  spectra  for  the  nuclear  explosion  HUNTERS  TROPHY  and  (TK 
Cal  Shot  (300  lbs)  are  displayed  to  the  right  The  ratio  of  the  two  spectra  given  to  the  left 


CONCLUSION  AND  RECOMMENDATIONS: 

A  source  inversion  procedure  has  been  developed  and  tested.  The  testing  of  the  procedure 
has  been  used  to  identify  trade-offs  between  source  model  parameters  and  propagation  path 
effects.  The  synthetic  tests  are  now  being  used  to  identify  an  operational  procedure  that  can 
be  appii«i  to  the  observational  data  from  the  nuclear  explosions  MISTY  ECHO, 
MINERAL  QUARRY  and  HUNTERS  TROPHY.  The  procedure  has  been  developed  so 
that  propagation  path  effects  can  be  included  and  applied  directly  to  the  observational  data. 
If  the  data  has  strong  secondary  source  contributions  such  as  spall  or  tectonic  stress  release, 
then  the  direct  inversion  of  the  observational  data  may  provide  a  biased  estimate  even  if 
propagation  path  effects  are  well  known  and  modeled.  An  alternate  procedure  in  this  case 
would  involve  an  initial  moment  tensor  inversion  in  the  frequency  domain  with  complete 
synthetics.  The  isotropic  moment  tensor  component  could  be  used  to  extract  the  explosion 
source  parameters  using  the  proposed  nonlinear  inversion  procedure. 
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The  CK  Cal  data  shows  the  results  of  an  empirical  snidy  that  is  designed  to  invesdgate  the 
relation.:h.ip  betv.  .-tn  chemical  and  nuclear  explosion  v/aveforms  and  possible  identify  a 
calibration  technique  for  a  test  site.  Lx)cal  receiver  effects  can  be  eliminated  when  data  from 
explosions  with  identical  propagation  path  effects  arc  compared.  The  CK  and  CK  Cal 
experiments  are  designed  to  take  advantage  of  such  a  geometry.  The  source  comparison 
can  be  invalidated  if  in  the  case  of  the  larger  explosion,  secondary  source  processes  such 
as  spall  are  initiated  but  rem.ain  absent  from  the  small  calibration  shot  This  effect  can  be 
investigated  by  careful  analysis  of  the  free  surface  data  from  the  CK  experiment  prior  to  the 
spectral  ratio  procedure.  The  completion  of  this  portion  of  the  study  awaits  the  detonation 
of  the  full  scale  chemical  explosion  at  Rainier  Mesa  in  the  Fall. 

In  addition  to  recording  the  main  explosion  on  the  CK  experiment,  we  plan  to  capture 
micro  earthquakes  following  the  event  Dual  velocity  and  acceleration  recording  will  be 
conducted  at  each  site  in  order  to  accomplish  this  task.  These  events  represent  the 
redistribution  of  stress  around  the  cavity  and  chimney.  Their  distribution  in  time  and  space 
offer  a  late  time  diagnostic  of  a  large  underground  explosion.  Several  hundred  events  were 
recorded  in  a  similar  manner  following  the  HUNTERS  TROPHY  nuclear  explosion.  A 
comparative  study  of  these  effects  for  nuclear  and  chemical  explosions  is  planned. 
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OBJECTIVE 

The  GSE  (Group  of  Scientific  Experts  of  the  Conference  on  Disarmament)  has  defined  new 
goals  for  a  future  test  of  its  concepts  for  global  monitoring  (GSETT-S).  Among  the  new  ch^- 
lenges  are  the  need  for  more  highly  automated  processing  to  handle  large  amounts  of  data  and 
reduce  the  analysis  load,  and  the  requirement  for  rapid  knowledge  acquisition  to  efficiently 
monitor  many  regions  of  the  globe.  Our  objectives  address  several  aspects  of  these  new  chal¬ 
lenges. 

Correct  phase  identification  and  accurate  azimuth  estimation  by  arrays  depend  on  their  capa¬ 
bilities  for  estimating  slowness,  which  vary  with  configuration  and  bandwidth.  As  part  of  a 
search  for  less  costly  alternatives  to  NORESS-type  (“full”)  arrays,  we  have  investigated  the 
capabilities  of  various  array  configurations  for  estimating  slowness.  Another  objective  has 
been  to  develop  methods  for  rapidly  evaluating  and  selecting  many  three-component  (3-C) 
and  array  candidate  stations  for  GSETT-3  participation,  and  “tuning”  their  automated  process¬ 
ing.  The  GSE  has  also  recommended  that  any  future  nenvork  for  global  monitoring  should 
employ  regionally  calibrated  travel-time  curves  and  amplitude-distance  relations,  since  suc¬ 
cess  in  detecting  nuclear  proliferation  is  critically  dependent  on  the  accuracy  of  regional  event 
locations.  Therefore,  one  of  our  aims  is  to  improve  regional  locations  by  correcting  for  the 
effect  of  lateral  velocity  inhomogeneities  on  the  travel-times  of  the  major  regional  phases.  In 
addition,  the  depth  estimation  capability  of  the  GSETT-3  global  network  has  been  addressed 
by  performing  computational  experiments  modelling  detectability  of  pP  and  sP,  and  by  inves¬ 
tigating  depth  accuracy  based  on  origin  times  from  travel-time  ratios  of  P  and  S  waves. 
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RESEARCH  ACCOMPLISHED 


Station  Evahiation 

For  four  possible  array  configurations  (derived  from  the  NORESS  geometry)  the  theoretical 
beam  response  to  a  plane-wave  was  calculated  in  the  slowness  space  for  various  frequencies 
and  slownesses.  Figure  1  compares  the  capabilities  of  these  configurations  in  terms  cf  slow¬ 
ness  resolution  and  potential  for  spatial  aliasing  for  various  seismic  phases.  These  results  can 
be  used  to  select  the  most  appropriate  configurations  for  specific  monitoring  targets.  For 
example,  the  expanded  AOAB  configuration  may  become  preferable  to  AOAB  as  dominant  &«- 
quency  decreases,  since  it  keeps  its  high  resolution,  while  its  tendency  for  spatial  aliasing 
decreases. 

The  following  strategy  for  station  evaluation  and  tuning  was  used  for  over  15  candidate  sta¬ 
tions  for  GSETT-3.  Noise  characteristics,  background  seismicity  and  station  quality  were 
investigated,  and  the  results  were  used  for  station  selection.  Station-specific  parameters  were 
then  derived  to  optimize  the  automated  processing.  A  representative  data  set  of  noise  and 
regional  background  seismicity  was  built  for  each  statioa  (typically  from  less  than  10  days  of 
continuous  data),  satisfying  minimum  requirements  for  reliable  statistical  analysis.  A  stan¬ 
dardized  set  of  processes  for  optimization  was  then  run  on  these  data,  using  results  fiom  anal¬ 
ysis  ^  the  performance  standard.  These  processes  include:  detector  optimization,  by  seeking 
SNR  (signal-to-noise  ratio)  thresholds  for  a  standard  set  of  beams  that  minimize  an  objective 
function  with  small  positive  contributions  from  noise  detections  and  large  negative  contribu¬ 
tions  from  real  seismic  phases  (Ray  Willemann,  personal  communication);  selection  of  polar¬ 
ization  processing  parameters  that  optimize  phase  identification  at  3-C  stations;  and  ultimately 
the  building  of  station-specific  expert  systems  (Sereno  et  al.,  1993).  As  an  illustration  of  the 
importance  of  individual  station  tuning,  preliminary  results  show  a  significant  variability  of 
the  optimum  frequency  band  for  polarization  processing  at  stations  of  the  German  Regional 
Seismic  Network  (GRSN):  it  is  0.5-8.0  Hz  at  MOX  and  0.5-4.0  Hz  at  BRG,  1.5°  away.  Pro¬ 
cessing  parameters  can  be  updated  when  more  data  have  become  available.  For  example,  re¬ 
optimizing  polarization  parameters  at  MOX,  after  adding  regional  detections  obtained  during 
15  days  of  IDC  test  operations  to  the  two-day  tuning  data  set,  validated  our  initial  tuning 
results  with  a  significant  increase  in  confidence. 

TVavel-Time  Corrections 

A  method  to  estimate  regional  and  local  travel-time  corrections  for  improving  automatic  event 
locations  has  been  developed  and  is  illustrated  for  Fn-waves  recorded  in  Scandinavia. 
Regional  corrections  arc  the  difference  between  the  Pn  travel-time  curve  derived  from  aver¬ 
aging  DSS  profile  observations  for  the  Baltic  shield  and  neighboring  areas  (Ryaboy,  1993), 
and  the  standard  travel-time  curve  for  Pn  based  on  the  IASPEI-91  Seismological  Tables  and 
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Figure  1:  The  capabilities  of  four  array  geometries  for  estimating  slowness  are 
compared  “AOAB”,  for  example,  refers  to  the  configuration  including  the  center  ele¬ 
ment  AO,  and  the  A  and  B  rings.  The  outer  ring  radius  is  1500  m.  “Expanded  AOAB" 
refers  to  nine-element  AOAB  scaled  so  that  the  outer  ring  has  a  D-ring  radius.  To 
the  left,  the  radius  of  the  1  dB  contour  of  the  main  peak  of  the  f-k  spectrum  is  plot¬ 
ted  as  a  measure  of  slowness  resolution.  To  the  right,  the  level  of  the  highest  sec¬ 
ondary  lobe  (if  any  within  the  slowness  range  of  interest)  is  plotted  In  dB  down  from 
the  main  peak  as  a  measure  of  spatial  aliasing.  Different  symbols  point  to  the  main 
seismic  phases  of  Interest  for  a  given  frequency  range. 


used  as  a  global  average  (lASPEI,  1991).  The  local  corrections  were  inferred  from  the  residu¬ 
als  of  the  DSS  observations  with  respect  to  the  regional  Pn  travel-time  curve  and  from  varia¬ 
tions  of  the  Moho  depth.  A  combination  of  these  corrections  can  be  used  for  improving  event 
locations. 
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Previous  work  (Ryaboy,  1993)  has  shown  that  the  difference  between  the  Global  IASPEI-91 
and  the  Baltic  shield  travel-time  curves  for  Pn  ranges  from  0.0  to  7.0  sec.  A  new  Moho  depth 
map  of  Scandinavia  based  on  the  most  reliable  published  data  has  been  compiled.  The  crustal 
thickness  varies  from  approximately  30  km  in  southern  Norway  to  50-55  km  in  .southern  Fin¬ 
land  and  Sweden.  The  Moho  depth  map  was  digitized  by  researchers  from  Cornell  University 
and  included  in  a  geophysical  database  (Fielding  et  ai,  1993). 

The  residuals  of  the  observed  Pn  travel-times  (TTrgs)  are  highly  correlated  with  variations  of 
the  Moho  depth  (the  coefficient  of  linear  correlation  is  0.86  and  the  standard  deviation  is  0.39 
sec): 


TTres  =  -  4.802  +  0.058  *  (M^p  + 

where  M^p  and  are  the  Moho  depths  in  km  beneath  shot  point  and  receiver,  respectively, 
on  the  DSS  profiles.  This  empirical  relation  and  the  new  Moho  depth  map  were  used  to  calcu¬ 
late  the  ray-path  dependent  local  corrections  caused  by  lateral  variations  of  the  Moho  depth. 
Maps  of  Pn  local  travel-time  corrections  were  compiled  for  NORESS,  ARCESS  and 
FINESA.  Figure  2  shows  the  map  of  local  corrections  for  FINESA.  The  maps  for  NORESS 
and  ARCESS  are  similar,  with  differences  caused  by  the  variation  of  crustal  thickness  beneath 
these  stations.  The  local  corrections  range  from  -1.5  to  1.5  sec. 

Depth  Estimation 

An  analysis  of  depth  estimation  was  based  on  two  kinds  of  secondary  phases:  (1)  surface- 
reflected  pP  and  sP  recorded  at  teleseismic  distances,  and  (2)  S  waves  recorded  primarily  at 
regional  distances. 

(1)  The  modelling  of  depth  accuracy  from  depth  phases  was  based  on  two  criteria:  observabil¬ 
ity  of  movcout,  and  azimuthal  coverage  provided  by  the  recording  stations.  We  assumed  a  net¬ 
work  of  50  stations  similar  to  that  planned  for  GSETT-S.  Monte  Carlo  methods  were  used  to 
estimate  temporal  fluctuations  in  noise  and  spatial  fluctuations  in  signal.  At  about  magnitude 
4.0  the  distance  distribution  was  adequate  to  permit  detection  of  moveout  at  almost  the  100% 
level,  assuming  equal  radiation  of  depth  phases  in  all  directions.  The  azimuthal  coverage  was 
defined,  in  percent,  from  the  number  of  45"  sectors  around  the  source  that  were  covered  by 
one  or  more  detecting  stations.  Analysis  of  GSETT-2  data  indicated  that  50%  azimuthal  cov¬ 
erage  improves  the  capabilities  to  detect  and  positively  identify  depth  phases  (Israelsson, 
1993).  The  hypothetical  GSETT-3  network  reached  this  level  a  few  tenths  of  a  magnitude  unit 
above  its  event  detection  threshold. 

(2)  Depth  estimation  based  on  5  waves  was  evaluated  from  depth  errors  calculated  at  the  90% 
confidence  level  for  events  at  25  km  depth.  There  was  a  clear  gap  between  the  depth  estima¬ 
tion  threshold  (the  magnitude  at  which  the  depth  error  equalled  tiie  event  depth)  and  the  90% 
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Figure  2:  Map  of  Pn  local  travel-time  corrections  for  FINESA.  Isolines  represent 
the  travel-time  corrections  in  seconds.  Triangles  denote  the  NORESS  (southern 
Norway),  ARCESS  (northern  Norway),  and  FINESA  (southern  Finland)  seismic 
stations. 


event  detection  threshold,  implying  that  low-magnitude  events  will  have  poorly  determined 
depths.  In  order  to  illustrate  this  effect  we  performed  depth  estimation  simulations  for  the 
hypothetical  GSETT-S  network.  We  generated  a  sample  of  earthquakes  corresponding  to  5 
days  of  world-wide  seismic  activity  using  a  program  by  North  (1983)  that  models  world-wide 
seismicity.  The  results  are  described  in  Figure  3 . 

Finally,  simple  simulations  with  synthetic  data  and  calculations  with  actual  data  indicated  that 
depth  estimates  based  on  origin  times  constrained  with  ratios  of  S  and  P  arrival  times  might  in 
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Figure  3:  The  left  frame  shows  the  difference  between  calculated  depth  error  and 
“actual”  depth  vs.  for  2997  synthetic  events.  Events  with  a  negative  difference, 
(plus  signs)  would  be  identified  as  earthquakes,  whereas  those  with  a  positive  dif¬ 
ference  (open  circles)  would  not  be  classified.  The  total  number  of  events  in  each 
group  is  given  in  the  left  frame.  The  right  frame  shows  that  events  with  “actual” 
depths  less  than  10  km  could  not  be  identified  as  earthquakes,  nor  coOld  a  large 
fraction  of  events  shallower  than  about  50  km.  The  left  frame  also  indicates  that 
these  are  primariiy  small  events,  mostly  with  less  than  4.0.  The  range  of  the 
m^  event  detection  threshold  is  indicated  in  the  left  frame  with  two  vertical  lines. 


some  cases  be  superior  to  those  obtained  with  standard  algorithms  for  hypocenter  determina- 
don. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Modelling  slowness  estimation  capabilities,  as  illustrated  here,  can  be  useful,  among  other  cri¬ 
teria,  for  selecting  array  configurations  tailored  to  specific  monitoring  targets.  We  have  also 
demonstrated  the  feasibility  of  rapid  station-specific  knowledge  acquisition  for  improving 
automated  processing  in  the  GSE  systems. 

The  method  presented  for  deriving  travel-time  concctions  can  be  applied  to  different  geologi¬ 
cal  pjv.  finccs  and  to  other  major  regional  phases,  and  implemented  in  the  operational  systems. 
Comparison  of  observed  Pn  travel-time  curves  for  ancient  Precambrian  platforms  rnd  tectoni¬ 
cally  active  regions  shows  variations  of  Pn  travel-times  up  to  approximately  10  sec.  For  Pic- 
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Cambrian  platfonns,  however,  these  variations  are  small,  indicating  that  our  results  for 
Scandinavia  could  be  transported  to  other  similar  geological  provinces. 

Although  the  observability  of  depth  phases  is  difficult  to  model,  it  appears  that  the  proposed 
GSETT-3  network  is  well  distributed  to  observe  such  phases  in  the  teleseismic  window  with 
regard  to  moveout  and  azimuthal  coverage.  However,  near  the  detection  threshold,  there  is  a 
gap  of  about  a  few  tenths  of  a  magnitude  unit  with  reduced  chances  to  observe  depth  phases. 
For  depth  estimates  based  on  P-  and  S-wave  arrival  times,  there  is  a  similar  gap  which  is  m^rc 
pronounced  for  oceanic  than  for  continental  areas.  Simulations  indicate  that  this  gap  would  be 
narrowed  by  enhanced  detectability  of  5  waves.  One  important  function  of  the  GSETT-3 
regional  stations  would  be  to  improve  detection  of  S  waves  for  depth  determination. 
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QbjegtivgS 

The  detonation  of  nuclear  explosions  by  Russia  or  any  of  the  other  countries  of  the  former  Soviet 
Union  (FSU)  in  large  underground  cavities  under  a  comprehensive  test  ban  treaty  (CTBT)  consti¬ 
tutes  the  greatest  challenge  to  U.S.  verification  efforts.  That  evasion  scenario  sets  the  limit  on  how 
low  a  yield  can  be  verified  effectively.  The  1988  OTA  Report  found  that  between  1  to  2  and  10 
kilotons  (kt)  the  most  critical  method  of  evasion  is  that  of  nuclear  testing  in  large  cavities  in  salt 
domes.  It  concluded  that  no  method  of  evading  a  monitoring  network  is  credible  above  10  kt  and 
that  several  evasion  scenarios,  including  testing  in  cavities  in  bedded  salt  and  in  hard  rocks’,  are 
possible  below  1  to  2  kt. 

Our  work  address  a  number  of  aspects  of  the  problem  of  clandestine  nuclear  testing  in  large 
cavities  in  salt  domes,  bedded  salt  and  hard  rock--what  types  of  evasions  scenarios  are  plausable 
based  on  geological  and  engineering  constraints,  which  ones  are  likely  to  escape  detection  by  the 
U.S.  and  which  ones  are  likely  to  be  identified.  Particular  attention  is  given  to  the  critical  yield 
regime  from  1  to  10  kt,  where  scientific  research  over  the  next  few  years  seems  most  likely  to  have 
a  major  impact  on  the  verifiability  of  a  CTBT  and  on  the  crucial  question  of  how  low  in  yield  can 
we  go  in  effective  verification  under  various  evasion  scenarios. 

Recently  released  information  by  the  Russians  (Adushkin  et  al.,  1993)  on  their  program  of  nu¬ 
clear  explosions  conducted  in  cavities  at  Azgir  (Fig.  1)  indicates  that  a  decoupled  test  of  8  kt  was 
detonated  in  March  1976  within  the  air-filled  cavity  created  in  a  salt  dome  by  a  tamped  nuclear 
explosion  eight  times  lai'ger.  The  1976  event  was  20  times  larger  than  the  Sterling  event,  the  only 
U.S.  decoupled  nuclear  explosions  detontated  in  salt  The  Azgir  explosion  was  recorded  not  only 
at  local  distances,  like  Sterling,  but  also  at  regional  and  teleseismic  distances.  Russian  scientists 
have  also  released  the  dates  of  six  very  small  nuclear  explosions  conducted  in  a  water-filled  cavity 
at  Azgir.  Those  six  events  are  all  examples  of  enhanced  seismic  coupling  at  certain  frequencies 
rather  than  of  decoupled  testing.  Our  work  this  year  focused  on  past  nuclear  testing  at  Azgir,  es¬ 
pecially  the  magnitude  and  decoupling  factor  (DF)  for  the  8  kt  partially  decoupled  event  and  the 
origin  times,  magnimdes  and  yields  of  the  six  events  in  the  water-filled  cavity. 

Resgarch  Accomplished 

Partially  Decoupled  Explosion  of  1976 

Adushkin  et  al.  (1993)  recently  described  an  8-kt  partially  decoupled  nuclear  explosion  deto¬ 
nated  on  March  29, 1976  in  a  1  kra-deep  cavity  of  37  m  radius  that  had  been  created  within  a  salt 
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Fig.  1.  North  Caspian  Region  showing  sites  of  nuclear  explosions  in  and  near  thick  salt  deposts 
(squares)  in  Pre^Caspian  depression  and  area  of  special  study  of  small  seismic  events  ( boxed 
region). 
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Fig.  2.  Estimates  of  smoothed  spectral  amplitudes  as  a  function  of  frequency,  f,  for  tamped  (de¬ 
coupling  factor,  DF,  =  1)  and  decoupled  nuclear  explosions,  fc  =  comer  frequency. 
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Table  1.  Magnitudes  and  Decoupling  Factors-1976Azgir  Explosion 


Station 

Distance 

logfa^Va*^^) 

mb 

KRV 

735  km 

670/8 

1.923 

4.14 

BRV 

1590 

786/6 

2.117 

3..  95 

GAR 

2205 

470/5 

1.973 

4.09 

TLG 

2280 

620/7 

1.947 

4.12 

ELT 

2690 

650/5 

2.114 

3.95 

BOD 

4310 

650/8.5 

1.884 

4.18 

NAO 

2760 

-- 

-- 

3.98 

Averages 

1.993 

4.06 

±  SEM 

±0.041 

±0.04 

mb  =  A  +  BlogY  -Iog(DF)  ~  log(a/T);  (mb)^^^  =  6.064  ±  0.02 
DF  =  (a^Va*^^)  /  =  12.3  for  B  =  1.0 


Table  2.  Nuclear  Explosions  in  Cavities  in  Sait  at  Azgir 


Date 

Hr 

.Min. 

%  ± 

,  SEM 

n(mb) 

Yield 

25 

Apr. 

1975 

05 

00 

4.45 

±.13 

7 

1.1 

*29 

Mar. 

1976 

07 

00 

4.06 

±.04 

7 

8** 

14 

Oct. 

1977 

07 

00 

3.42 

1 

0.06 

30 

Oct. 

1977 

07 

00 

2.77 

1 

0.01 

12 

Sept 

1978 

05 

00 

3.02 

1 

0.02 

30 

Nov. 

1978 

08 

00 

3.07 

1 

0.02 

10 

Jan. 

1979 

08 

00 

4.36 

±.  14 

2 

0.8 

*In  air-filled  cavity  created  by  64  kt  explosion  of 
1971;  all  other  events  in  water-filled  cavity  created  by 
25  kt  explosion  of  1968. 

**Yield  of  1976  event  from  Adushkin  et  al.(1993); 
other  yields,  Y,  from  ra^  =  4.425  +  0.8321ogY 
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dome  by  a  tamped  nuclear  explosions  8  times  larger  in  yield  on  Dec.  22,  1971.  I  derived  station 
corrections  for  the  magnitudes,  mj,,  of  seven  large  explosions  at  Azgir  (including  the  1971  event) 
and  applied  thenj  to.  all  known  events  in  the  Azgir  region  including  10  tamped  explosions  from 
1966  to  1979,  the  partially  decoupled  event  of  1976  and  the  six  very  small  nuclear  explosions  det¬ 
onated  in  a  water-filled  cavity  (Sykes,  1993).  Those  events  must  have  occurred  at  Azgir  (Sykes, 
1993;  Sykes  et  al.,  1993). 

The  revised  m^'s  of  the  197 1  and  1976  events  are  6.06  ±  0.02  and  4.06  ±  0.04.  The  1976  value 
is  based  on  data  from  Norsar  (with  its  station  correction  of  0.48  mj,  units  applied)  and  six  standard 
stadons  of  the  USSR  network  (Table  1).  Amplitudes,  a,  used  in  calculating  the  rn^’s  and  the 
decoupling  factor  (DF)  were  restricted  to  the  narrow  period  range  0.6  to  1.1  s  and  to  distances 
from  785  to  43 10  km.  The  1976  event  was  recorded  by  at  least  15  stations  in  Eurasia. 

Assuming  the  amplitudes  used  in  Table  1  for  the  1971  event  with  an  average  period  of  0.73  s 
pertain  to  the  flat,  low-frequency  portion  of  its  source  spectrum,  DF  =  12  is  obtained  for  the  1976 
explosion  for  B  =  1.0.  There  is  general  agreement  that  low-frequency  amplitudes  scale  as  yield  to 
the  first  power,  i.  e.  B  •-  1.0,  for  explosions  at  the  same  depth  (Denny  and  Johnson,  1991),  as  was 
the  case  for  the  1971  and  1976  events.  Adushkin  et  al.  (1993)  obtained  an  amplitude  DF  of  about 
20  for  the  1976  shot  using  data  at  distances  of  about  1  to  100  km.  The  value  of  B  that  they  used, 
0.8,  however,  is  more  appropriate  to  explosions  of  various  sizes  fired  at  or  near  a  given  scale  depth, 
such  as  the  tamped  explosions  at  Azgir  that  they  used  in  deriving  their  value  of  B.  The  data  in  Ta¬ 
ble  1  give  a  very  similar  value,  DF  =  18.6,  to  theirs  for  B  =  0.8.  An  approximate  correction  for 
the  effect  of  comer  frequency  on  the  spectrum  of  the  1971  event  (Fig.  2)  gives  DF  =  17.  It  seenls 
unlikely  that  the  amplitudes  used  in  Table  1  for  the  1971  event  were  made  close  to  a  minimum  in 
the  spectrum,  (as  R.  Blandford  suggested  to  me),  since  analysts  tend  to  pick  the  largest  amplitude 
rather  than  the  smallest  in  the  vicinity  of  1  Hz  for  teleseismic  P  waves.  Also,  the  mj,  of  6.06  for 
the  197 1  explosion  is  already  unusually  large  for  events  anywhere  of  yield  near  64  kt  (Fig.  3). 

The  revised  values  of  mj,  and  the  published  yields  for  the  tamped  Azgir  explosions  of  1966, 
1968  and  197 1  and  the  Orenburg  event  of  1971,  all  of  which  are  reported  as  having  been  detonated 
in  salt,  were  used  to  obtain  the  following  relationship:  mi,  =  4.4250  +  0.832  logY.  For  a  tamped 
event  of  Y  =  8  kt,  mj,  =  5.18.  Subtracting  mj,  =  4.06  for  the  1976  event  from  5.18  gives  DF  =  13. 
The  measured  amplitudes  for  the  1976  event  at  an  average  period  of  0.93  s  are  undoubtedly  located 
on  the  flat  portion  of  the  spectrum  as  are  those  of  a  tamped  event  of  similar  yield.  Thus,  it  seems 
likely  that  the  DF  for  the  1976  event  is  closer  to  12  than  to  20  if  its  yield  was  8  kt.  If  its  yield  was 
1 1.5  kt  as  L.  Glenn  (written  communication,  1993)  has  reported,  DF  =  18.  In  any  case,  the  explo¬ 
sion  was  only  partially  decoupled.  For  either  yield,  however,  mj,  =  3.40  is  obtained  for  a  fully  de¬ 
coupled  (DF  =  70)  event  of  10  kt  from  those  values  and  m^  =  4.06  for  the  1976  explosion. 

Stevens  et  al.  (1991)  used  a  finite  difference  scheme  to  calculate  decoupling  factors  for  explo¬ 
sions  in  cavities  in  salt.  They  conclude,  taking  an  identification  threshold  of  mi,  3.5  tis  described 
in  the  1988  OTA  Report,  that  “decoupled  explosions  with  yields  on  the  order  of  20  to  30  kt  could 
evade  identification,  even  if  it  were  only  possible  to  constmct  a  cavity  large  enough  to  fully 
decouple  5-kt.”  Their  calculations,  however,  predict  a  DF  of  about  55  and  an  mi,  of  about  J.3  for 
the  parameters  of  the  1976  event  (Fig.  3).  Their  predicted  m^  is  about  0.75  units  below  that  deter¬ 
mined  for  the  1976  event.  Calculations  of  DF  by  both  Patterson  (1966)  and  Stevens  et  al.  (1991) 
for  partially  decoupled  events  are  clearly  well  above  the  data  points  for  the  Azgir  and  Sterling 
nuclear  explosions  and  for  the  Cowboy  chemical  explosions  (Fig.  4). 
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Fig.  3.  Magnitude,  015,  as  a  function  of 
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Nuclear  Explcs^oas  in  Water-Filled  Cavity  at  Azgir 

The  Norsar  ai  ^  Hagfors  arrays  and  the  ISC  Bulletin  have  each  located  a  number  of  small  events 
in  the  general  vicinity  of  Azgir,  including  the  panially  decoupled  explosion  of  1976.  Sykes  and 
Lyubomirskiy  (1992)  made  a  special  study  of  small  events  reported  by  the  ISC,  Norsar  and  Lasa 
in  the  5°  by  5°  box  outlined  in  Fig.  1  that  includes  Azgir  for  the  23-year  period  1969  through  1991. 
They  compiled  a  catalog  of  chemical  and  nuclear  explosions  in  that  region  that  th&y  show  is  com¬ 
plete  down  to  m^  3.1  since  1969.  That  mj,  corresponds  to  a  tamped  nuclear  explosion  of  about 
0.02  kt  and  to  yields  of  about  1  and  4  kt  for  decoupling  factors  of  20  and  70.  This  capability  was 
made  possible  by  recognizing  that  the  Norsar,  Hagfors  and  Lasa  armys  recorded  seismic  v/aves 
from  large  events  at  Azgir  that  have  m^’s  about  0.5  units  larger  than  the  average.  Thus,  those  ar¬ 
rays  have  (or  for  Lasa  had)  a  detection  capability  for  Azgir  that  extends  down  to  a  very  small  mj, 
and  yield.  The  location  capability  of  those  arrays  by  themselves,  however,  is  poor  compared  with 
that  of  either  a  local  seismic  network  or  data  from  several  arrays  well  distributed  in  azimuth.  Either 
'  those  can  be  obtained  by  the  installation  of  appropriate  seismic  monitoring  equipment. 

Sykes  and  Lyubomirskiy  (1992)  reported  that  seven  small  events  of  m^  3.02  to  4.45  from  their 
catalog  fulfill  an  origin-time  criterion  (being  detonated  exactly  on  the  hour  within  the  uncertainty 
in  estimating  origin  time)  for  being  either  very  small  tamped  or  small  decoupled  nuclear  explo¬ 
sions,  one  of  which  is  the  8-kt  partially  decoupled  event  of  1976.  Of  the  126  other  small  events 
in  the  area,  most  or  all  of  which  are  taken  to  be  chemical  explosions  from  their  concentration  during 
the  work  day,  the  largest  two  in  23  years  were  of  mj,  4.0.  Chemical  explosions  of  m-^  >  3.5  and 
those  of  mb  ^  3.0  occurred  about  1.3  and  4.5  times  per  year  in  the  entire  study  area.  Thus,  the  num¬ 
ber  of  chemical  explosions  per  year  in  that  area  that  would  have  to  be  discriminated  as  such  from 
small  decoupled  nuclear  events  under  a  future  test  ban  is  small  even  at  the  mb  3.0  level.  A  major 
uncertainty  pointed  out  by  the  OTA  Report  is,  in  fact,  how  many  chemical  explosions  must  be  con¬ 
tended  with  per  year  equal  in  mb  to  that  of  decoupled  explosions  of  various  yields? 

Russian  scientists  stated  to  me  that  besides  the  partially  decoupled  event  of  1976  that  four  of  the 
other  events  on  the  list  of  Sykes  and  Lyubomirskiy  (1992)  were  very  small  nuclear  explosions  det¬ 
onated  in  a  water-filled  cavity  of  radius  32m  that  was  created  in  salt  by  a  previous  nuclear  explo¬ 
sion.  The  earliest  date  of  those  small  explosions,  1975,  and  the  description  of  a  cavity  of  that  radius 
created  by  a  25  kt  explosion  in  salt  by  Kedrovskiy  (1970)  indicate  that  the  small  explosions  must 
have  been  detonated  in  the  cavity  created  by  the  explosion  of  July  1,  1968  at  Azgir.  Tliose  scien¬ 
tists  indicated  that  two  of  the  events  on  the  list  were  not  nuclear  explosions  but  stated  that  two  yet 
smaller  nuclear  explosions  that  were  not  on  the  list  had  been  detonated  in  the  same  water- filled  cav¬ 
ity  on  October  30, 1977  and  November  30, 1978. 

Since  nearly  all  known  or  inferred  Soviet  nuclear  explosions  at  Azgir  and  in  the  rest  of  the  Pre- 
Caspian  depression  were  detonated  on  the  hour  in  a  narrow  range  of  local  times  from  0600  to  1 1(X), 
I  asked  Dr.  Frode  Ringdal  to  search  for  possible  small  signals  on  those  dates  in  1977  and  1978  on 
Norsar  recordings  that  would  have  been  detonated  exactly  on  the  hour  during  that  five-hour  time 
window.  He  reported  that  Norsar  was  down  for  parts  of  those  time  intervals  on  those  two  days.  He 
found,  nevertheless,  that  the  Hagfors  array  in  Sweden  did  report  P  arrivals  that  were  consistent  to 
within  a  few  seconds  of  events  having  occurred  at  Azgir  on  those  two  dates  at  0700  and  0800  GMT 
respectively.  Norsar  was,  in  fact,  down  at  the  two  expected  arrival  times.  Hagfors  recorded  all  of 
the  seven  events  in  Table  2;  Norsar  recorded  five  of  the  events  and  undoudtedly  would  have  re- 
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corded  and  located  the  other  two  if  that  array  had  been  in  operation. 

Station  corrections  for  Norsar  and  Hagfors  (and  other  stations  that  recorded  the  explosions  in 
Table  2  of  1975, 1976  and  1979)  were  used  in  deriving  magnitudes  of  the  seven  events.  Approx¬ 
imate  yields  of  the  six  events  in  the  water-filled  cavity  were  calculated  assuming  their  m^-yield  re¬ 
lationship  was  like  that  of  tamped  exposions  at  Azgir.  It  can  be  seen  that  the  calculated  yields  of 
the  three  smallest  events  in  Table  2  are  about  0.01  to  0.02  kt  Yield  estimates  based  on  one  or  two 
mb  values  in  Table  2  are  understandably  only  approximate.  Apparently  the  small  explosions  were 
tested  to  see  if  the  fundamental  frequency  of  a  water-filled  cavity  surrounded  by  salt  could  be  ex¬ 
cited  so  as  to  produce  larger  than  normal  seismic  waves  near  that  frequency  for  use  in  deep  seismic 
sounding.  A  simple  calculation  gives  a  fundamental  resonance  of  about  1 1.7  Hz;  Russian  scientists 
report  amplitudes  up  to  five  times  those  of  tamped  explosions  in  salt  at  frequencies  of  7  to  9  Hz. 
Thus,  the  six  events  in  the  water- tilled  cavity  were  not  tests  of  decoupling  but  of  enhanced  coupling 
at  certain  frequencies  in  the  passband  commonly  used  in  deep  seismic  sounding. 

Conclusions  and  Recommendations 

Unlike  the  United  States,  the  former  Soviet  Union  detonated  a  number  of  nuclear  explosions 
in  salt  including  tamped  events  of  about  1  to  100  kt,  a  partially  decoupled  nuclear  explosion  of 
about  8  kt  in  the  cavity  created  by  a  tamped  explosion  8  times  larger,  and  six  very  small  nuclear 
explosions  in  the  water- filled  cavity  created  by  the  25  kt  explosion  of  1968,  Clearly,  the  decoupled 
experiment  of  1976  with  a  yield  20  times  that  of  Sterling  is  crucial  in  ascertaining  decoupling  fac¬ 
tors  for  overdriven  (partially  decoupled)  nuclear  weapons  tests  in  the  yield  range  from  1  to  10  kt. 
The  release  of  additional  data  on  that  and  other  events  in  salt  by  the  Russian  Republic  would  go  far 
in  answering  longstanding  questions  in  the  U.S.about  detecting  decoupled  events  under  a  CTBT. 
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OBJECTIVE 

The  objective  of  this  research  is  to  study  numerically  the  effects  of  various  basin  widths  and 
sediment  velocities  on  the  Lg  wave  propagation  by  modeling  the  Barents  Basin.  The  final  objective  is 
finite-element  modeling  of  the  blockage  and  scattering  of  the  Lg  wave  propagation  through  the  entire 
propagation  paths  from  Novaya  Zemlya  to  ARCESS.  NORESS  and  Graefenburg. 


RESEARCH  ACCOMPUSHED 

Gramberg  (1988)  and  Clarke  and  Rachlin  (1990)  provided  fairly  comprehensive  geological  maps 
of  the  Barents  Sea  and  its  vicinities,  including  Novaya  Zemlya,  the  Kola  Peninsula,  Cheshkaya  Bay, 
just  above  the  Arctic  Circle.  Presumably,  on  the  basis  of  the  geological  Information  given. 
Baumgardt  (1990b)  has  constructed  a  NW-SE  geological  cross  section  (Figure  1)  ,  showing  (1)  the 
absence  of  granitic  layer  under  the  southern  Barents  Sea  Basin,  contrary  to  the  presence  of  a  granitic 
layer  under  the  Pechora  Plate  and  the  Central  Barents  Rise,  (2)  the  thick  accumulation  of  terrigenous 
sediments  under  the  Barents  Sea  Basin,  and  the  thin  terrigenous  sediments  over  the  Plate  and  the 
Rise,  (3)  the  variable  thicknesses  of  basaltic  layer  present  under  the  Plate,  the  Basin  and  the  Rise, 
and  (4)  the  bending  of  the  Moho  due  to  the  loading  of  the  thick  accumulation  of  sediments  in  the 
Basin,  and  the  irregularities  of  the  depth  of  the  Moho.  ranging  from  about  30  km  to  37  km  under 
the  Basin,  40  km  under  the  Rise,  and  nearly  50  km  under  the  Plate.  Similar  geological  cross 

sections  along  the  great-circle  paths  from  Novaya  Zemlya  to  ARCESS,  NORESS  and  Graefenburg  can 
be  approximately  constructed.  It  is  thus  expected  that  from  Novaya  Zemlya  to  the  Scandinavian 
arrays,  namely  ARCESS  and  NORESS,  and  to  Graefenburg,  the  great-circle  paths  of  Lg  essentially 
traverse  major  geological  provinces,  (1)  the  island  margin  with  variable  crust  thicknesses  (from 
Novaya  Zemlya  to  the  Barents  Sea),  (2)  the  basin  with  variable  width,  depth  and  sediments  (the 

Barents  Sea  Basin),  (3)  the  shield  margin  (from  the  Barents  Sea  to  the  Baltic  shield),  and  finally  (4) 

the  shield  and  European  continent  with  variable  crustal  thickness  and  lithology  (from  the  Baltic  shield 
to  Graefenburg). 

The  Barents  Sea  Basin  is  characterized  by  variations  of  crustal  thickness  with  sediment 

accumulation  as  large  as  15  km,  and  by  missing  of  granitic  layer.  This  structure  is  based  on  low  in 
magnetic  anomalies  caused  by  the  missing  of  granitic  layer  and  on  high  in  gravity  anomalies  caused 
by  the  elevated  Moho.  As  reported,  the  granitic  layer  in  the  adjacent  province  is  characterized  by  P 
wave  velocities  on  the  order  of  6.0  to  6.5  km/sec,  and  S  wave  velocities  3.46  to  3.75  km/sec  (Clarke 
and  Rachlin,  1990). 

As  a  first  step  toward  the  final  objective,  we  have  investigated  the  effects  of  the  blockage  and 
scattering  by  basins  with  various  width  and  sediments  on  Lg  propagation  by  the  following  anti-plane 
strain  finite-element  models: 
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(A)  The  Island  Margin  Model 

A  line  source  with  center  frequency  0.5  Hz.  with  the  first  derivative  of  Gaussian  typs  of  forcing 
functions,  is  located  on  the  island  side  of  the  model  to  simulate  the  test  sites  of  Novaya  Zcmiya. 
(Figure  2).  The.  S  .wave  velocities  of  the  granitic/basaltic  (averaged)  layer  and  the  upper  mantle 
assumed  to  tr  3.51  km/sec  and  4.7  km/sec.  respectively. 

(B)  The  Basin  and  Crust-Pinch  Models 

The  seismic  waves,  as  shown  in  Figure  5.  so  generated  near  the  left  termination  boundary  BB’ 
in  Figure  2  have  been  used  as  the  input  waves  at  BB’  in  Figure  3  for  the  following  twelve  cases: 

The  basin  models  as  shown  in  Figure  3-(a).  with 

(1)  basin  width  »  150  km;  shear  velocities  for 
granitic/basaltic  (averaged)  =*  3.51  km/sec; 
sediments  velocity  =■  3.51  km/sec  (i.e..  without  basin); 
upper  mantlr  -  4.7  km. 

(2)  basin  width  »  150  km;  shear  velocities  for 
granitic/basaltic  (averaged)  -  3.51  km/sec; 
sediments  velocity  *  2.75  km/sec; 

upper  mantle  *  4.7  km. 

(3)  basin  width  «  150  km;  shear  velocities  for 
granitic/basaltic  (averaged)  »  3.51  km/sec; 
sediments  .elocity  *  2.2  km/sec; 

upper  mantle  *  4.7  km. 

The  basin  models  with  uplift  of  Moho  as  shown  in  Figure  3-(b),  with 

(4)  the  same  parameters  as  case  (1). 

(5)  the  same  parameters  as  case  (2). 

(6)  the  same  parameters  as  case  (3). 

The  basin  models  as  shown  in  Figure  3-(a).  with  a  different  basin  width,  i.e. 

(7)  basin  width  ”  250  km;  shear  velocities  for 
granitic/basaltic  (averaged)  *  3.51  km/sec; 
sediments  velocity  -  3.51  km/sec  (i.e.,  without  basin); 
upper  mantle  -  4.7  km. 

(3)  basin  width  -  250  km;  shear  velocities  for 
granitic/basaltic  (averaged)  »  3.51  km/sec; 
sediments  velocity  »  2.75  km/sec; 
upper  mantle  «  4.7  km. 

(9)  basin  width  *■  250  km;  shear  velocities  for 
granitic/basaitic  (averaged)  "  3.51  km/sec; 
sediments  velocity  »  2.2  km/sec; 
upper  mantle  *  4.7  km. 

The  basin  models  with  uplift  of  Moho  as  shown  in  Figure  3-(b),  with 

(10)  the  same  parameters  as  case  (7). 
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(11)  the  same  parameters  as  case  (8). 

(12)  the  same  parameters  as  case  (9). 


The  synthetic  seismograms  obtained  from  Model  A  (as  shown  in  Figure  4).  and  Model  B 
(Figure  6-(a)  corresponding  to  Case  (1)).  resemble  the  typical  regional  waveforms,  with  relatively 
sharp  Pj,  onsets,  an  emergent  arrival  corresponding  to  the  onset,  and  strong  Lg  arrivals.  The 
present  finite  element  numerical  results  do  not  generate  the  waves,  since  an  anti-plane  strain 
approach  is  adopted.  Figure  6-(b)  is  the  synthetic  seismograms  corresponding  to  Case  (3)  of  Model 
B.  in  which  the  velocity  contrast  between  the  basin  sediments  (2.2  km/scc)  and  the  surrounding 
granitic  rocks  is  relatively  large  so  that  the  scattering  responses  from  the  basin  sides  can  be  clearly 
identified.  Figure  7  shows  the  synthetic  seismograms  corresponding  to  the  above  twelve  cases 
observed  at  distance  of  300  km  from  the  source.  The  results  show  that:  (1)  the  larger  the  velocity 
contrast  between  the  basin  sediments  and  the  surrounding  granitic  rocks,  or  the  longer  the  basins,  the 
more  delay  and  attenuated  of  the  Lg  waves;  (2)  the  amplitude  of  the  seismic  responses  for  the  cases 
with  Moho-uplift  is  larger  than  those  for  the  cases  without  Moho-uplift.  the  arriving  times  of  the 
former  cases  are  also  earlier  than  those  of  the  latter  cases. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  conclusion  of  this  study  is  that  heterogeneity  in  the  granitic  layer  does  show  the  effect  in 
the  blockage  of  Lg  waves.  Particularly,  when  the  granitic  layer  contains  a  long  basin  with  much 
lower  velocity  sediments,  the  Lg  waves  are  delayed,  diverted,  scattered,  and  therefore  blocked.  In  the 
future,  we  suggest  the  following;  (1)  the  problem  of  the  sensitivities  (i)  of  the  size  of  the  basin  (e.g. 
ratio  of  the  depth  to  the  width  of  the  basin);  (ii)  of  the  dip  angie  of  the  basin  side.,  (iii)  of  the 
variation  of  thickness  of  the  crust,*  (iv)  of  crustal-Q  variations,  to  the  variations  of  Lg  amplitude  must 
be  systematically  investigated.  (2)  extend  this  present  study  to  the  problem  for  the  cases  of 
elastodynamics  or  visco-clastodynamics. 
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(After  Baumgardt,  1900b) 
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Figure  2.  The  Island  Margin  Model:  the  single  crust  with 
granite/basalt  averaged. 
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Figure  3.  The  Basin  and  Crust-Pinch  Models: 

(a)  a  sedimentary  basin  with  a  wdlh  of  120  -250  km,  and  a  depth  of 

0  -  15  km,  imbedded  in  the  upper  oust  with  a  flat  Moho. 

(b)  a  sedimentary  basin  with  an  uplifted  Moho. 
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Figure  4.  The  finite  element  synthetic  seismogram  of  Lg  waves 
excited  by  an  impulsive  line  source  with  a  central  frequncy 
of  0.5  Hz  as  observed  at  the  distances  from  20  km  to  260  km 
from  the  source. 
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Figure  5.  The  seismic  responses  of  Lg  waves  as  observed 
along  the  vertical  section  B8’ . 
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Figure  6(a).  The  fimte-eleinent  synthetic  seismograa  of  Lg. 
waves  for  the  structural  model  of  Figure  3- (a)  without 
a  basin,  i.e.  the  basin  part  is  replaced  by  a  velocity 
of  3,51  kra/sec  of  the  nodal,  as  observed  at  distances 
of  20  km  to  300  k®  from  the  source. 
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Figure  6-(b).  The  finite-element  synthetic  ssisnogram  of  Lg 
waves  for  the  structural  model  of  Figure  3- (a)  with  a  basin 
velocity  2.2  km/sec,  as  observed  at  distances  of  20  ks 
to  300  kn  from  the  source. 
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Figure  7.  The  synthetic  seismograms  for  the  twelve  cases  of 
Model  B  observed  at  a  distance  of  300  km  from  the  source. 
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OBJECTIVE 

The  ua3  of  regional  and  teleseism  •'  data  to  identify  and  characterize  seismic  events  requires 
isolating  source  effects  in  observed  seismograms  from  propagation  effects.  For  event  location 
using  arrival  time  data,  propagation  effects  are  embodied  in  a  traveitime  model  based  on  as¬ 
sumed  seismic  velocities,  and  errors  in  this  model  may  bias  the  inferred  locations.  However, 
the  relative  locations  amongst  closely  spaced  events,  inferred  from  arrival  times  differences  be¬ 
tween  events,  are  much  less  affected  by  model  errors  (Jordan  and  Sverdrup,  1981).  Moreover, 
it  is  possible  to  determine  highly  accurate  arrival  time  differences  between  similar  events  using 
waveform  correlation  techniques  (e.g.,  Pechmann  and  Kanamori,  1982). 

For  determining  source  time  functions  (STF)  it  is  possible  to  account  for  propagation  effects 
using  empirical  Green’s  functions  (EGF).  For  two  seismic  events  having  a  similar  hypocenter 
and  focal  mechanism  but  different  sizes  (e.g.,  two  explosions  at  the  same  test  site,  or  an  earth¬ 
quake  and  one  of  its  aftershocks)  one  can  treat  an  observed  seismogram  from  the  smaller  event 
as  the  EGF  (Hartzell.  1978).  Deconvolving  the  EGF  from  the  corresponding  seismogram  of  the 
larger  event  yields  a  relative  source  time  function  (Mueller.  1985)  which  is  an  estimate  of  the 
STF  of  the  larger  event.  The  EGF  method  has  been  very  successful  in  estimating  the  source 
parameters  of  earthquakes  (e.g.,  Lay  et  al.,  1992;  Li  and  Toksoz.  1993). 

In  this  paper  we  as  ess  the  usefulness  of  relative  event  location  and  empirical  Green's  func¬ 
tion  techniques  in  characterizing  and  discriminating  seismic  sources  for  nuclear  monitoring, 
using  earthquake,  nuclear  e.xplosion  and  quarry  blast  data. 

RESEARCH  ACCOMPLISHED 
Quarry  Blasts  in  Estonia 

Table  1  shov/s  the  hypocentral  parameters  of  nine  presumed  quarry  blasts  located  by  DARPA’s 
Intelligent  Monitoring  System  (IMS)  using  data  from  the  Scandinavian  arrays  (NORESS, 
.\RCESS  and  FINESA).  Applying  waveform  cross-correlation  analysis  to  the  identifiable  re¬ 
gional  phases  at  each  array,  we  determined  differential  arrival  times  between  event  7,  selected 
as  a  reference  event,  and  the  remaining  eight  events.  Using  a  multiple  event  location  algorithm 
we  have  developed,  we  inverted  these  differential  arrival  times  in  combination  with  the  absoiute 
arrival  times  for  the  reference  event.  The  event  depths  were  constrained  to  the  surface. 

Our  preliminary  results  showed  that  seven  of  the  nine  events  defined  a  1  by  3  km  cluster 
but  the  remaining  two  were  located  several  kilometers  from  this  clutter.  Given  that  all  nine 
events  were  believed  to  be  quarry  blast  eind  that  the  data  residuals  for  the  two  outliers  were 
large,  we  suspected  and  later  confirmed  that  a  one  second  clock  error  affected  NORESS  during 
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Table  1:  HypocentraJ  Parameters  of  Nine  Quarry  Blasts  in  Estonia 


.Vo. 

Date 

Time 

Latitude 

Longitude 

mi 

1 

19910204 

11:21:11.8 

59.276558 

27.050049 

2.20 

2 

19910308 

11:21:25.2 

59.174534 

27.171776 

2.42 

3 

19910311 

11:31:58.2 

59.329784 

27.002144 

2.44 

4 

19911120 

10:45:57.3 

59.31406 

27.04163 

2.21 

■5 

19920102 

11:58:40.3 

59.29866 

27.18973 

2.19 

6 

19920406 

10:50:05.5 

59.352058 

27.013519 

2.35 

/ 

19920408 

10:58:02.6 

59.184971 

27.145411 

2.36 

3 

19910617 

11:31:52.4 

59.354 

27.2066 

2.41 

9 

19920703 

11:13:30.8 

59.234322 

27.10408 

2.22 

PWOJICTION:  LAMKMT.  CCNTCA:  09. Jt  27.10  15.0  ROTATE:  16.0 

WINOOW  AN01.CS  0.1050  0.1300  0.1300  0.1300 


Figure  1:  The  initial  IMS  locations  (crosses)  of  nine  quarry  blasts  in  Estonia,  and  our  relocations 
(squares)  determined  with  differential  arrival  times.  The  event  locations  are  plotted  on  a  SPOT 
satellite  image  of  the  area.  The  light  area  encompassing  our  new  locations  is  presumed  to  be  a 
quarry. 
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Figure  2:  Map  showing  the  Kazakhstan  Test  Site  (KTS)  and  Xinjiang  Test  Site  (XTS).  The 
triangles  represent  seismic  stations,  and  two  insert  maps  show  the  relative  locations  of  six 
nuclear  explosions,  used  in  this  study. 

late  1991  and  early  1992.  Figure  1  shows  our  results  obtained  by  inverting  the  corrected  data. 
Our  new  locations  based  on  differential  arrival  times  (squcires)  and  the  initial  IMS  locations 
(crosses)  are  superposed  on  a  SPOT  satellite  ima^e.  Our  locations  fall  within  a  white  area 
of  the  image  which  we  presume  to  be  a  quarry.  Since  the  absolute  locations  we  determined 
have  errors  of  5-10  km,  the  fact  that  they  fall  within  the  quarry  is  somewhat  fortuitous  and 
we  certainly  cannot  be  certain  of  their  exact  location  within  the  quarry.  The  relative  location 
errors,  however,  aire  only  about  one  kilometer  (the  typical  90%  confidence  ellipse  has  semi-axes 
of  1.0  by  0.5  km)  so  the  relative  pattern  of  locations  is  reasonably  well  determined  and  we  have 
confidence  that  the  events  are  located  in  a  small  cluster  as  we  have  obtained.  The  initial  IMS 
locations,  in  contrast,  scatter  over  tens  of  kilometers  (Figure  1). 

Nuclear  Explosions  and  Earthquakes 

Using  regional  and  teleseismic  broadband  waveform  data  of  a  pair  of  nuclear  explosions  in 
Lop  Nor,  Xinjiang,  China  and  two  pairs  of  nuclear  explosions  in  Balapan,  Kazakhstan  (Figure 
2),  we  retrieved  the  source  time  functions  for  the  larger  event  in  each  pair.  The  hypocentral 
parameters  and  magnitudes  for  the  three  explosions  under  study  (odd  numbers)  and  their  EGF 
counterparts  (even  numbers)  are  shown  in  Table  2. 
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Table  2:  Hypocentral  Parameters  of  Nuclear  Explosions  and  Earthquakes 


No. 

Date 

Time 

Latitude 

Longitude 

Depth 

mj, 

Ms 

1 

19881112 

03:30:03.7 

50.047  N 

7.S.969  E 

0  km 

5.2 

— 

•) 

19880614 

02:27:06.4 

50.036  N 

78.968  E 

0  km 

4.8 

4.1 

3 

19880914 

03:59:57.4 

49.378  N 

79.824  E 

0  km 

6.1 

4.5 

4 

19890708 

03:46:57.6 

49.868  N 

78.779  E 

0  km 

5.6 

4.1 

•5 

19920521 

04:59:57.5 

41.604  N 

88.813  E 

0  km 

6.5 

5.0 

6 

19900816 

04:59:57.6 

41.564  N 

88.770  E 

0  km 

6.2 

— 

1 

19930513 

11:59:47.2 

54.972  N 

160.396  W 

34  km 

6.4 

6.9 

8 

19930525 

23:16:43.1 

.55.086  N 

160.421  W 

.33  km 

6.2 

5.8 

9 

19930608 

13:03:34.1 

51.243  iN 

157.806  E 

51  km 

6.5 

7.2 

10 

19930612 

20:33:26.4 

51.256  N 

157.744  E 

49  km 

6.0 

5.8 

Source  Time  Function:  1992.05.21  LOP  NOR  EXPLOSION  (mb=6.5) 


Figure  3:  Source  time  functions  of  the  m»,  =  6.5  21  May  1992  Lop  Nor  explosion  estimated 
with  the  empirical  Green's  function  method.  The  top  ten  traces  are  the  source  time  functions 
determined  at  ten  teleseismic  stations,  while  the  bottom  trace  is  a  stack  of  these  single  station 
estimates.  .Numbers  following  station  codes  are  distances  and  source-receiver  azimuths. 
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■  Ve  deiermined  the  source  time  function  of  the  larger  Lop  Nor  explosion  { mi,  =  6.5.  21  May 
1992)  by  using  the  seismograms  from  the  smaller  e.xplosion  {mi,  =  6.2)  as  empirical  Green’s 
functions.  Based  on  the  PDE  bulletin  the  distance  between  the  two  Lop  .Nor  e.xpiosions  is  less 
than  5  km.  This  is  consisten.  with  a  preiiminary  relative  location  we  performed  and  which 
yieidins  a  separation  of  about  4  km.  We  derived  source  time  functions  at  ten  stations  and 
'hen  stacked  the  results  to  obtain  a  final  estimate  (Figure  3).  We  see  that  the  source  time 
function  of  the  21  .May  1992  Lop  Nor  explosion  is  dominated  by  a  simple  pulse  with  a  duration 
of  about  0.3  s.  followed  by  a  smaller  secondary  pulse,  showing  that  the  total  source  duration  of 
the  explosion  is  Joout  1.6  s.  The  secondary  pulse  may  be  due  to  spall  or  tectonic  strain  release. 

For  the  explosion  pairs  in  KTS.  satellite  image  analysis  (Thurber  et  ai.  199.3)  indicates  the 
location  difference  between  the  large  explosion  and  EGF  event  in  each  pair  (Figure  2)  ranges 
from  1  to  3  km.  Broadband  data  from  stations  WMQ,  LZH.  HIA  and  COL  were  used  to 
estimate  the  source  time  function  (Figure  4a)  of  the  19880914  JEV2  e.xplosion  im;,  =  6.1)  with 
a  smaller  e.xplosion  (19890817.  m.,  =  5.6)  as  the  EGF  event.  With  regional  waveform  data 
from  only  one  station  (WMQ).  we  estimated  the  source  time  function  i  Figure  4ai  of  19881112 
e.xplosion  [mi,  =  5.2)  using  19880614  e.xplosion  [mi,  =  4.8)  as  the  EGF  event.  Figure  4a  shows 
source  time  functions  of  the  three  e.xpiosions  (m«,  =  5.2.  mi,  =  6.1.  and  mi,  =  6.5)  and  source 
durations  of  the  three  e.xpiosions  are  measured  to  be  0.8.  1.1  and  1.6  s.  respectively.  These  STF 
durations  are  indicative  of  the  rapid  energy  release  of  nuclear  explosions. 

We  also  estimated  source  time  functions  for  recent  .AJaska  ( 19930513.  mi,  =  6.4)  and  Kam¬ 
chatka  (19930608.  mi,  =  6.4)  earthquakes  using  their  aftershocks  as  EGF  events.  (See  Table  2 
for  their  parameters.)  Figure  4b  shows  that  the  Alaska  event  had  a  simple  source  time  func¬ 
tion  with  total  duration  of  about  20  s  and  that  the  Kamchatka  event  was  a  complicated  event 
with  total  duration  of  about  60  s.  Comparing  Figures  4a  and  4b  (note  that  the  time  scales  for 
Figures  4a  and  4b  differ  by  a  factor  of  ten)  we  see.  as  expected,  a  significant  difference  between 
the  source  time  function  estimated  for  an  underground  nuclear  e.xplosion  and  an  earthquaJce 
of  similar  m»,  magnitude.  The  earthquake  source  function  generally  shows  a  complex  structure 
with  a  time  duration  of  several  tens  of  seconds,  while  the  e.xplosion  source  function  is  much 
simpler  with  a  time  duration  of  only  1-2  seconds. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Methods  for  directly  comparing  the  source  parameters  of  seismic  events  appear  to  be  of  great 
ptoential  value  for  nuclear  monitoring.  We  have  shown  that  relative  locations  determined  from 
diferential  arrival  times  measured  directly  from  regional  waveforms  can  be  of  useful  accuracy 
(1  km)  to  help  in  event  identification.  Further,  we  have  shown  that  source  time  functions  es¬ 
timated  with  the  empincal  Green’s  function  method  easily  discriminate  large  explosions  from 
earthquakes  and  also  reveal  information  about  the  structure  of  complex  events.  A  great  advan¬ 
tage  of  these  methods  is  that  they  do  not  require  detailed  knowledge  of  earth  structure  along 
the  source- receiver  propagation  path,  nor  theoretical  modeling  of  complex  propagation  effects 
to  correct  the  data.  We  recommend  further  study  of  relative  source  estimation  techiques  to 
ascertain  their  usefulness  on  small  events,  focusing  on  regional  broadband  data.  One  interesting 
test  is  to  compare  source  time  functions  of  earthquakes  occurring  in  the  vicinity  of  the  nuclear 
test  site  with  those  of  the  nuclear  explosions. 
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OBJECTIVE 

The  objective  of  this  study  is  to  examine  seismic  wave  radiation  from  an  explosive  source  in  a 
cylindrical  cavity  and  seismic  scattering  from  highly  irregular  interfaces.  Initial  results  indicate 
that  the  significant  amount  of  shear  energy  could  be  generated  from  an  explosion  source  placed 
in  a  semi-infinite  cylindrical  tunnel.  Both  P  and  5-wave  radiation  patterns  do  also  change 
with  the  tunnel  radius  and  the  source  position.  As  a  second  topic,  enhanced  backscattering  of 
seismic  waves  from  highly  irregular  interfaces  has  been  studied  theoretically  for  seismic  waves 
and  also  compared  with  the  laboratory  data.  Extensive  study  is  necessary  for  further  remarks, 
of  this  relatively  new  phenomenon  in  seismic  wave  propagation. 
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Introduction 


Seismic  radiation  from  a  nuclear  explosion  is  generally  more  complicated  than  that  of  simple 
isotropic  point  source.  This  has  been  shown  by  various  observations  (e.g.,  Wallace  et  al.,  1983, 
1985;  Day  et  al.,  1983,  Priestley  et  al.,  1990).  The  observations  from  nuclear  explosions  may 
be  explained  by  one  or  more  of  the  following  physical  mechanisms;  (1)  the  nuclear  explosion 
itself,  (2)  the  tectonic  release,  (3)  the  spaU,  (4)  the  anisotropic  and  heterogeneous  region  near 
the  source  and  (5)  the  asymmetry  of  the  source.  So  far  no  single  one  of  these  mechcinisms 
has  proven  sufficient  to  explain  all  of  the  observed  data  (Masse,  1981;  Gupta  and  Blandford, 
1983;  Johnson,  1988).  A  purpose  of  this  study  is  to  investigate  the  seismic  radiation  from  an 
explosive  source  placed  in  non-spherical  cavity.  Effect  of  spherical  cavities  on  seismic  explosions 
was  studied  in  early  sixties  (e.g..  Latter  et  ai.,  1961).  Glenn  et  al.  (1985)  and  Rial  and  Moran 
(1986)  studied  the  coupling  mechanism  and  the  radiation  pattern  from  an  explosion  in  an 
ellipsoidal  cavity  in  an  unbounded  medium.  Helmberger  et  al.  (1991)  showed  that  correct 
modeling  of  near-field  seismograms  observed  after  nuclear  explosions  requires  distinct  source 
characteristics  as  well  as  the  local  crustal  structure.  They  modeled  the  source  characteristics  by 
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using  asymmetric  sources  inside  ellipsoidal  cavities.  However,  the  common  practice  i;  to  place 
the  explosive  sources  in  tunnels  rather  than  in  ellipsoidal  cavities.  In  light  of  this  fact,  we  have 
investigated  the  generation  of  compressional  and  shear  waves  from  e.xplosions  in  a  cylindrical 
tunnels  of  different  diameter. 

In  this  study  we  also  investigate  the  phenomenon  known  as  enhanced  backscattering,  in 
which  scattered  energy  preferentially  travels  back  towards  the  source  from  highly  irregular  in¬ 
terfaces.  This  phenomenon  has  been  observed  in  the  field  of  optics  (O'Donnell  and  Mendez 
1987;  Mciradudin  et  al.  1990),  and  in  this  work  we  study  enhanced  backscattering  for  the 
seisnaic  case.  Specifically,  we  look  at  the  scattering  of  acoustic  waves  from  a  highly  irregular 
acoustic-elastic  interface  to  determine  whether  the  ‘enhanced  backscattering’  which  has  been 
observed  during  forward  modeling  of  SH  and  P-SV  models  (Schultz  and  Toksoz,  1993a,b)  also 
occurs  for  acoustic  waves. 


Seismic  Radiation  from  Tunnel 


We  have  developed  a  frequency-domain  hybrid  boundary  element  and  discrete  wavenumber 
method  for  modeling  waves  radiated  from  various  seismic  sources;  these  sources  are  situated 
inside  an  infinite  or  semi-infinite  cylindrical  tunnel  which  is  embedded  in  an  infinite  homo-- 
geneous  isotropic  or  anisotropic  medium.  Using  the  assumption  of  axial  symmetry,  we  can 
write  the  boundary  integral  equations  for  wavefields  inside  the  tunnel  and  within  the  embedded 
elastic  medium  so  that  they  yield  an  indirect  boundary  integral  formulation.  After  discretiz¬ 
ing  the  tunnel  boundary  into  elements  of  uniform  source  distribution  and  imposing  boundary 
conditions  at  each  element,  a  system  of  matrix  equations  is  obtained  whose  unknowns  are  the 
fictitious  source  distributions  on  each  element.  Elements  of  the  resulting  coefficient  matrix  are 
the  integrals  of  displacement  and  stress  Green’s  functions  for  the  boundary’ elements.  After 
the  boundary  sources  are  determined,  wavefields  inside  and  outside  the  tunnel  can  be  easily 
calculated. 

We  performed  numerical  computations  to  estimate  the  P-  amd  5-wave  radiation  patterns 
from  an  explosion  source  placed  inside  a  semi-infinite  tunnel  in  homogeneous  elastic  medium. 
The  elastic  medium  has  compressional  and  shear  velocities  of  4.0  km/s,  2.2  km/s  respectively, 
and  density  of  2.2  g/cm^.  Figure  1  shows  eight  radiation  patterns  computed  from  four  source 
positions  measured  from  the  end  of  the  tunnel  (1, 10, 20  and  30  meters)  and  two  sizes  of  tunnel 
(5  and  10  meter  raidii).  The  results  in  Figure  1  clearly  show  that  both  the  source  position  and 
the  tunnel  size  affect  the  P-  and  5-wave  radiation  patterns. 

For  all  the  source  positions  and  tunnel  sizes,  the  linear  elastic  calculations  show  that  the  the 
shear  wave  amplitudes  are  greater  higher  than  those  of  the  compressional  waves.  This  indicates 
that  the  tunnel  is  acting  as  a  forcing  system  to  generate  a  large  shear  wave.  In  the  case  of  a 
analytic  point  force,  the  shear  wave  is  nearly  (e-g*,  3  for  Poisson’s  solid)  times  as  large 
as  the  compressional  wave  (White,  1983).  In  our  examples,  the  5-wave  can  be  3.3  times  larger 
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Figure  1;  P  {solid)  and  S  (dashed)  wave  radiation  from  an  explosive  source  (center  frequency 
of  15  Hz)  placed  inside  a  horizontal  tunnel  which  is  embedded  in  a  homogeneous  elastic 
full  space  with  an  a  of  4.0  km/s,  0  of  2.2  km/s  and  p  of  2.2  g/cm^.  Results  are  shown 
for  four  positions  of  the  source  measured  from  the  end  of  the  tunnel  (1,  10,  20  and  30 
meters)  and  for  two  sizes  of  the  tunnel  (5  and  10  meter  radii).  Each  radiation  pattern 
is  calculated  at  a  semi-circular  receiver  array  250  meters  in  radius  away  from  the  source. 
Each  pattern  is  drawn  on  the  same  sccile,  but  with  a  separate  magnification  factor. 
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than  P-wave.  It  is  important  to  point  out  that  neither  the  nonlinear  effects  nor  the  damping 
are  considered  in  our  calculations.  The  use  of  non-linear  and  hybrid  techniques  are  required  for 
realistic  modeling  in  this  area.  . 

Future  studies  will  include  more  numerical  e.xperiments  using  realistic  tunnel  sizes  (finite 
and  irregular  wall)  and  different  surrounding  media.  The  Nevada  Test  Site  data  will  also  be 
analyzed  using  this  type  of  source  and  realistic  propagation  effects  such  as  those  included  by 
Helmberger  et  al.  (1991). 


Enhanced  Backscattering  of  Seisnaic  Waves 


We  approach  the  problem  of  enhanced  backscattering  from  both  a  numerical  and  experimen¬ 
tal  standpoint.  We  numerically  combine  the  elastic  representation  theorem  with  the  extinction 
theorem  to  develop  a  surface  integral  representation  of  the  total  scattered  displacement.  The 
scattered  displacement  is  then  expressed  quantitatively  in  terms  of  a  reflection  coefficient  which 
is  similar  to  the  reflection  coefficient  for  a  plane  interface.  After  choosing  an  interface  with 
specific  statistical  properties,  we  average  over  a  full  ensemble  of  realizations  of  this  interface  to 
determine  the  mean  reflection  coefficient  for  that  interface.  These  2-D  mean  reflection  coeffi¬ 
cients  are  then  compared  with  3-D  ultrasonic  water  tank  experiments  obtained  in  our  ultrasonic 
laboratory. 

Comparisons  between  ultrasonic  and  numerical  data  have  shown  a  number  of  distinctive 
features.  Figure  2a  shows  numerical  and  experimental  results  found  by  placing  the  source  at 
normal  incidence  to  a  rough  interface;  the  2-D  numerical  scattering  results  are  very  similar  to 
the  3-D  experimental  scattering  data.  As  the  source  position  is  moved  to  inclined  angles,  the 
3-D  experimental  data  (shown  in  Figure  2b)  shows  much  more  energy  scattered  in  the  forward 
direction  and  much  less  energy  in  the  backward  (firection  as  compared  to  the  2-D  numerical 
result.  The  phenomenon  of  enhanced  backscattering  is  dearly  seen  in  the  numerical  results  and 
is  supported  by  the  experimental  results.  We  note  that  the  intensity  of  enhanced  backscattering 
decreases  as  the  incident  angle  deviates  from  normal  inddence.  It  appears  to  finally  disappear 
at  an  angle  approximately  equal  to  the  rms  slope  of  the  interface.  Referring  again  to  Figure 
2b,  we  see  that  enhanced  backscattering  is  still  detectable  in  the  numerical  results  at  a  30° 
inddence  angle. 

We  have  seen  that  the  phenomenon  of  enhanced  backscattering  can  be  observed  for  seismic 
waves  inddent  on  an  acoustic-elastic  interface.  In  the  future  we  want  to  use  3-D  numerical 
techniques  to  study  the  complicated  nature  of  energy  scattered  within  the  Earth’s  crust.  This 
future  work  will  indude  the  study  of  unexplained  forward  and  backscattered  energy  which  is 
observed  in  both  P  and  S  codas. 
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Figure  2;  Comparison  between  numerical  and  laboratory  data  of  RMS  backscattered  ampli¬ 
tudes  from  a  rough  interface  for  a  source  at  (a)  normal  and  (b)  30®  incidence.  0,  is  the  angle 
of  forward  (positive)  and  backward  (negative)  scattering.  The  solid  line  is  the  result  from 
the  numerical  calculations.  The  circles  and  ■*‘s  are  the  observational  data  with  its  stcindard 
deviation,  respectively. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


We  have  studied  two  aspects  of  seismic  wave  scattering:  seismic  radiation  resulting  from 
explosions  in  non-spherical  cavities  and  enhanced  backscattering  resulting  from  illumination  of 
a  rough  interface.  Preliminary  study  of  the  scattering  of  seismic  waves  from  a  semi-infinite 
tunnel  shows  that  both  P-  and  5-wave  radiation  patterns  vary  with  the  size  of  the  tunnel 
and  the  position  of  the  source  position  and  that  generation  of  the  shear  wave  is  significant. 
Enhanced  backscattering  is  a  relatively  new  phenomenon  in  the  seismic  community;  we  believe 
our  research  is  the  first  to  observe  the  effect  in  the  laboratory  (acoustic-elastic  interface)  and 
compare  the  experimental  data  with  theoretical  prediction.  Further  work  is  necessary  before 
we  apply  these  techniques  to  field  observations.  For  future  study  we  recommend  the  following: 

1.  Continuation  of  the  theoretical  investigation  of  scattering  from  non-spherical  cavities  with 

different  surrounding  media. 

2.  Determination  of  the  P-to-S  energy  ratio  with  varying  tunnel  shape,  source  position  and 

surrounding  medium  properties. 

3.  Comparison  between  3-D  modeling  results  of  enhanced  backscattering  and  3-D  experimental 

results  (so  far  we  have  compared  2-D  numerical  results  with  3-D  experimental  results). 

4.  Examination  of  array  data,  especially  P  and  5  codas,  to  observe  the  enhanced  backscatter¬ 

ing  phenomenon. 
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Objective: 

The  role  of  seismology  in  monitoring  compliance  with  nuclear  non-proliferation  or 
comprehensive  test  ban  treaties  is  one  of  detection  and  discrimination  of  low-yield  devices 
in  uncalibrated  geologic  environments.  The  low-yield  condition  requires  that  the  bxkbcme 
of  the  monitoring  effort  be  at  regional  distances,  where  broadband  seismic  signals  are  a 
complex  combination  of  both  propagation  and  source  effects.  Given  that  we  may  be 
searching  for  a  first  and  only  nuclear  explosion  in  a  region,  it  is  essential  to  calibrate 
suspect  regions.  We  have  focused  on  smdying  the  regional  seismic  waves  in  three  regions: 
(1)  the  Middle  East,  (2)  Kamchatka,  and  (3)  the  South  America. 

Research  Accomplished: 

Regional  distance  seismic  phases  (Pn,  Pg,  Sn,  Lg,  and  more  collectively,  Pni) 
show  great  potential  for  discriminating  low  yield  nuclear  explosions  from  natural 
earthquakes  and  industrial  explosions.  In  particular,  utilizing  the  spectral  characteristics  of 
the  regional  distance  seismograms  has  shown  promise  (Bennett  et  al.,  1989;  Lilwall,  1988; 
Taylor  et  al.,  1989).  Most  spectral  discriminates  are  based  on  two  things:  (1)  given  the 
same  zero  frequency  moment,  an  earthquake  will!  be  enriched  in  high  frequencies  as 
compared  to  an  explosion,  and  (2)  earthquakes  excite  more  S-wave  type  energy  tlian 
explosions.  Typical  spectral  discriminates  ratio  the  amplimde  of  a  particular  regional 
distance  phase  in  narrow  bands.  Various  phase-pair  ratios,  such  as  Pg/Lg  and  Pn/Lg  show 
good  separation  of  earthquake  and  explosion  popuJ'^nons.  Unfortunately,  navel  path  has  a 
strong  influence  on  the  "base  line"  of  the  ffend  of  the  line  which  separates  the  explosion 


and  earthquake  populations  (Lynnes,  et  al.,  1990),  and  travel  paths  murt  be  carefully 
calibrated  for  the  specttal  discriminates  to  work. 

We  have  collected  the  regional  distance  seismograms  from  three  regions  which  are 
of  some  interest  to  monitoring  a  comphrensive  test  ban,  and  begun  analysis  on  the 
characterisdcs  of  regional  seismic  propagation.  We  are  using  the  procedure  of  Wallace 
(1986)  to  invert  the  intermediate  period  regional  distance  body  waves  to  determined  crastal 
thickness  and  upper  mantle  velocities.  Although  analysis  is  preliminary,  all  three  regions 
show  dramatic  travel  path  effects. 

The  crustal  structure  of  the  Middle  East  has  been  studied  in  detail  only  in  a  few 
places;  Iran  and  the  Zagros  Collision  region  (Kadinsky-Cade  et  al.,  1981;  Cathcan  and 
Wallace,  1990;  Asudeh,  1983),  and  the  southern  Red  Sea  region.  We  have  collected 
regional  and  upper  mantle  distance  seismic  waveforms  from  paths  which  cross  the  Arabian 
Shield  and  were  recorded  at  WWSSN  stations  TAB,  JER,  HLW,  SHI  and  EIL,  and  SRO 
station  ANTO.  Additionally,  we  have  collected  broadband  digitial  data  recorded  at  GSN 
stations  GNI,  KTV  (and  a  single  record  at  ASH)  and  MEDNET  station  KEG.  Figure  1 
shows  ail  the  events,  and  their  focal  mechanisms,  which  produced  at  least  one  usable 
regional  distance  record. 

Figure  2  shows  the  ray  paths  we  used  in  our  preliminary  analysis  of  the  Arabain 
plate.  Using  15  paths  we  have  divided  the  Shield  into  4  blocks  and  inverted  for  average 
crustal  thickness  and  Pn  velocity.  The  blocks  vary  in  thickness  from  38  to  46  km.  The 
variation  in  Pn  velocity  is  from  7.8  to  8.1  km/sec.  Most  of  the  Pn  phases  which  have 
traveled  further  than  KXX)  km  require  a  well  defined  lid,  which  we  have  modeled  as  40  km 
thick  (although  there  is  a  strong  tradeoff  between  depth  and  velocity  gradient). 

Numerous  investigators  have  studied  the  characteristics  of  regional  waveform 
propagation  in  the  Eurasian  continent  in  the  last  few  years,  but  most  have  concentrated  on 
the  region  around  the  Kazahkistan  test  sites  and  travel  paths  to  NORESS,  NORSAR  and 
GERESS.  The  Kamchatka  Peninsula  is  the  most  seismically  active  region  of  Russian,  yet 
very  little  has  been  published  on  characteristics  of  propagation  from  Kamchatka  events  to 
seismic  stations  located  in  Eurasia.  We  have  collected  the  regional  waveforms  fiom  31 
events  with  shallow  depth  (<  10  km)  and  mb  >  4.0  recorded  at  CDSN  stations  MDJ  and 
BJI,  and  IRISAJSGS  station  YSS.  Travel  paths  across  the  northern  part  of  the  Sea  of 
Okhotsk  appear  to  have  efficient  Pg  and  Lg  propagation;  patlis  across  the  southern  part  of 
the  Sea  appear  to  exhibit  blockage. 

The  crustal  structure  of  South  America  is  poorly  characterized  in  large  part  due  to 
the  sparse  station  coverage.  The  best  indications  of  crustal  thickness  for  the  Altiplano  are 
from  James  (1971)  who  determined  a  crustal  thickness  of  approximately  65-70  km  from 
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analyzing  surface  waves.  The  crustal  thickness  probably  decreases  rapidly  both  east  and 
west  of  the  Aldpiano,  but  there  is  apparently  great  variability  in  the  crustal  velocities  anti 
attenuation.  .These  large  variations  in  crustal  thickness  suggest  the  potential  for  Lg 
blockage.  We  have  compiled  a  data  set  of  shallow  and  intermediate  depth 
earthquakes  recorded  at  NNA,  BDF  and  ZOBO  (18  shallow  and  6  intermediate  depth 
events);  the  focal  mechanisms  and  epicenters  are  shown  in  figure  3a.  The  ray  paths  from 
the  events  to  the  various  stations  is  shown  in  figure  3b.  Most  of  the  shallow  events  occur 
in  the  Cordillera,  and  in  general,  the  waveforms  show  strong  travel  path  effects.  We  have 
just  begun  to  invert  each  travel  path  for  the  best  gross  crustal  structure,  and  then, 
regionalize  the  gross  structure  with  a  block  tomography. 

Conclusion  and  Recommendations: 

The  crustal  thickness,  layering  and  velocities  has  a  strong  effect  on  the  character  of 
short-period  seismic  phases.  With  the  improved  models  which  will  be  developed  in  this 
study  (over  the  next  year),  blockage  maps  and  various  discrimination  procedures  will  be 
tested.  It  is  clear  that  to  adequately  calibrate  a  region  considerible  "empirical"  work  noost  be 
done  (collection  and  processing  of  records,  inversion  for  crustal  struemre  models).  At  this 

stage  of  our  research  we  are  still  analyzing  the  data  base  assembled  over  the  last  year. 
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preliminary  inversion  of  Arabian  shield. 


Figure  3b:  Ray  path  for  preliminary  crustal  structure  inversion. 
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OBJECnVE:  The  objective  of  this  study  is  to  evaluate  both  the  potentiai  of  several 
regional  discrimination  methodologies,  and  their  underlying  physical  basis.  This  study 
focuses  on  earthquake  and  explosion  data  from  the  Nevada  Test  Site  (NTS).  The  mb  5.5, 
June  29, 1992  Little  Skull  Mountain  earthquake  is  the  largest  historical  earthquake  to 
occur  at  NTS.  This  event  generated  a  rich  series  of  aftershocks  which  were  recorded  at 
regional  distances  on  the  broadband  seismometers  of  the  Livermore  NTS  Network 
(LNN).  Lawrence  Livermore  National  Laboratory  (LLNL)  maintains  a  large  database  of 
NTS  underground  nuclear  explosions  which  were  also  recorded  on  LNN.  The  proximity 
of  the  Little  Skull  mountain  epicenters  to  sites  of  prior  nuclear  testing  allows  the 
opponunity  to  study  small  magnitude  discrimination  under  the  conditions  of  nearly 
common  paths  and  common  recording  sites. 

In  this  study  we  examine  four  potentiai  regional  discrimination  methodologies. 
We  seek  to  not  only  evaluate  the  performance  of  each  potentiai  regional  discriminant,  but 
to  understand  it's  physical  basis  in  order  to  make  predictions  for  various  source  and 
receiver  geologies.  This  predictive  aspect  is  important  in  the  present  environment  where 
the  existing  Non-Proliferation,  and  future  Comprehensive  Test  Ban  Treaties,  are  the 
principle  concerns,  and  we  are  met  with  the  chdlenge  of  monitoring  many  different  areas 
around  the  world. 

RESEARCH  ACCOMPLISHED:  We  present  the  preliminary  results  of  four  potential 
discrimination  methodologies  using  eanhquakes  and  explosions  that  have  occurred  on 
NTS.  The  eanhquakes  are  from  the  Little  Skull  Mountain  sequence,  which  occurred 
between  areas  25  and  28  near  the  southwestern  perimeter  of  NTS.  The  sequence  began 
with  a  Ml  5.6  main  shock  on  June  29, 1992.  By  the  end  of  1992  there  were  more  than 
100  aftershocks  with  Ml  >  2  and  at  least  three  with  Ml  >  4.  Personnel  from  LLNL,  in 
cooperation  with  the  University  of  Nevada,  Reno  (UNR)  and  the  United  States 
Geological  Survey  (USGS),  fielded  portable  instruments  within  a  few  days  after  the  start 
of  the  sequence,  and  local  recordings  are  available  for  many  of  the  aftershocks.  Excellent 
hypocentral  control  and  many  first  motion  focal  mechanisms  were  available  from  the 
local  Southern  Great  Basin  Network,  a  short-period  network  operated  by  the  USGS  and 
UNR  (S.  C.  Harmsen,  written  communication).  The  explosion  data  come  from  the  LLNL 
database  and  includes  events  from  Pahute  Mesa,  Rainier  Mesa  and  Yucca  Flats.  At 
present  only  a  subset  of  the  data  has  been  processed  and  the  evaluation  of  the  four 
potential  discriminants  described  below  must  be  considered  preliminary. 

The  first  potential  discrimination  method  tal:es  spectral  ratios  between  regional 
phases,  Pn/Lg  and  Pg/Lg.  These  discriminants  are  an  outgrowth  of  general  P/Lg 
amplitude  studies  (e.g.  Pomeroy  et  al.,  1982).  These  discriminants  have  given  mixed 
results,  for  example  showing  strong  overlap  in  a  study  Pg/Lg  for  western  U.S.  events 
(Taylor  et  al.,  1989)  and  gc*^  discrimination  at  frequencies  above  two  Hz  in  a  study  of 
regional  Pn/Lg  for  central  Eurasian  events  (Bennett  et  al.,  1989).  It  has  been  suggested 
that  differences  in  path  and  site  effects  have  been  the  cause  of  Ae  poor  performance  of 
the  discriminant  in  some  cases.  In  the  present  study  v/e  find  that  the  ratios  of  Pn/Lg  for 
earthquakes  and  explosions  overlap  in  the  0.5  -  2.0  Hz  frequency  band,  but  the  separation 
increases  at  frequencies  above  2  Hz  as  shown  in  Figure  1.  Explosions  show  significantly 
larger  ratios  than  earthquakes  in  the  6-8  Hz  range.  The  performance  of  this  discriminant 
appears  to  be  better  at  our  Mina  station  than  at  Kanab  for  small  magnitudes.  On  the  other 
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hand,  ?g/Lg  ratios  at  Mina  (not  shown)  have  si^ificani  overlap  even  at  high  fr^uencies, 
indicating  the  significant  influence  of  propagation  on  the  Pg  wave  phases  for  this  path. 

TTie  second  method  takes  spectral  ratios  between  two  frequency  bantk,  (1-2  Hz) 
to  (6-8  Hz),  for  a  single  phase,  either  Pn,  P®,  Lg  or  coda  waves.  Spectral  ratios  were 
found  by  Taylor  et  ai.  (1988)  to  be  a  useful  discriminant  for  western  U;S.  events  in  the  mb 
range  of  3  to  about  4.5,  with  the  spectral  ratios  of  Lg  giving  the  best  performance.  A 
focus  of  the  present  study  is  to  compare  the  performance  of  various  phases  with  coda 
wave  measurements.  Cola  wave  magnitudes  in  a  narrow  band  (0.5- 1.5  Hz)  at  a  single 
station  have  been  found  to  be  more  stable  than  magnitudes  based  on  prirnary  P^  or  Lg 
amplitudes  (Mayeda,  1993).  Here  v/c  address  the  questions  of  the  stability  of  the  coda 
measurements  at  higher  frequencies  (6-8  Hz)  and  the  potential  to  cany  over  this  stability 
to  discrimination  measurements.  Our  preliminary  results,  shown  in  Figure  2,  indicate 
that  the  single  station  spectral  ratios  based  on  coda  waves  show  less  scatter  than  tlie  direct 
phase,  particularly  for  the  explosions.  We  have  used  more  Rainier  Mesa  events  than 
Taylor  et  aL  (1988)  and  these  appear  to  show  the  most  overlap  with  the  earthquake 
population. 

For  the  third  method,  we  follow  up  our  previous  studies  of  moment:magnitude 
relations  (Patton  and  Walter,  1993).  This  potential  discriminant  is  a  variant  of  well 
known  long-period  to  short-period  ratio  discriminants  such  as  Mstmb.  Here  the  seismic 
moment  serves  as  the  measure  of  long-period  energy.  We  use  the  Little  Skull 
earthquakes  and  some  Rainier  Mesa  explosions  to  extend  our  previous  results  to  smaller 
magnitudes.  Seismic  moments  based  on  regional  phases  have  been  validated  with 
measurements  based  on  data  recorded  locally.  Preliminary  results  for  Mo:mb(Pn)  are 
shown  in  Figure  3.  A  few  events  at  very  small  magnitudes  show  large  scatter  on 
^^:mb(Pn)  plots  which  may  be  caused  by  difficulties  with  mb(Pn)  measurement  at  low 
signal-to-noise  levels.  High  background  noise  levels,  related  to  the  Landers  earthquake 
sequence,  hampered  some  measurements,  particularly  on  the  Pn  phase.  We  are  also 
investigating  f>^:mb  relations  for  small  events  using  magnitudes  based  on  Lg  waves  and 
coda  waves.  It  is  important  to  state  that  the  present  results  do  not  constitute  a  practical 
discriminant,  since  we  have  made  use  of  isotropic  moments  for  explosions  and  deviatoric 
moments  for  earthquakes.  This  was  done  for  the  purposes  of  researching  the  physical 
causes  of  the  separation  between  earthquake  and  explosion  populations.  More  work 
remains  to  be  done  to  develop  an  operational  discriminant  bas^  on  MoiiUb . 

Finally,  we  are  investigating  the  use  of  properties  of  the  complete  seismogram  to 
estimate  source  depth.  An  unsupervised,  self-organizing  neural  network  is  used  to 
separate  events  into  different  clusters  based  on  their  spectrograms.  The  spectrograms  use 
the  same  group  velocity  window,  7.5  to  2.0  km/s  and  the  same  frequency  range,  C).8  to  6.8 
Hz,  for  all  events.  A  superNtised  learning  neural  network  with  output  focal  depth  is 
trained  on  the  derived  spectrogram  distributions.  Preliminary  results  are  encouraging  for 
depth  and  event  type  classification.  Examples  of  these  spectrograms  for  a  Little  Skull 
earthquake  and  an  NTS  explosion  are  shown  in  Figure  4.  The  earthquake  shows 
relatively  more  energy  at  higher  frequencies  than  the  explosion.  Further  work  is  needed 
to  determine  the  relative  contributions  of  source  type  and  event  depth  to  the  differences 
between  the  earthquake  and  explosion  spectrograms  such  as  those  observed  in  Figure  4. 
Toward  this  goal,  we  arc  applying  the  neural  network  approach  to  both  synthetic  and 
obser/ed  seismograms  to  improve  our  theoretical  understanding  of  features  identified  by 
the  network  as  important  for  the  classifications. 

CONCLUSIONS  AND  RECOMMENDATIONS:  The  preliminary  results  of  this  study 
arc  encouraging  for  regional  discrimination  at  small  ma^mdes,  vrith  some  caveats. 
Phase  ratios,  particularly  Pn/Lg  seem  to  be  effective  at  high  frequencies.  However  the 
uneven  performance  at  different  stations  and  for  different  P  phases,  Pn  versus  Pg,  would 
appear  to  support  arguments  that  such  a  discriminant  is  dependent  on  the  particular 
propagation  path.  TTte  use  of  coda  does  seem  to  reduce  the  scatter  when  compared  to 
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spectral  ratios  of  the  direct  Lg  phase.  There  remain  a  number  of  questions  about  spectral 
ratios  use  as  a  discriminant  including  the  physical  basis  and  the  transportability  to  other 
regions.  The  regional  Moimb  results  appear  quite  promising  and  there  is  a  relatively 
simple  theoretical  explanation  for  the  separation  (Patton  and  Walter,  1993).  However 
work  remains  to  be  done  in  order  to  make  this  an  operational  discriminant.  The  neural 
network  results  are  very  encouraging,  but  more  work  remains  to  be  done  on  the  relative 
contributions  of  source  type  and  event  depth  to  the  observed  differences  in  relative 
frequency  content  between  the  earthquakes  and  explosions.  Examining  the  weights  used 
by  the  neural  net  should  help  highlight  the  differences  due  to  depth  and  those  due  to 
source  type. 

In  the  next  stage  of  research  we  have  staned  to  include  earthquakes  from  outside 
NTS  but  within  the  western  U.S.  to  compare  and  contrast  the  effect  of  the  common  path 
on  the  discriminants.  We  have  begun  to  make  use  of  the  local  data  to  examine  the 
relative  frequency  content  of  P  and  S  energy  close  to  the  source.  We  have  also  begun  to 
make  use  of  the  good  hypocentral  and  focd  mechanism  control  of  the  Little  Skull 
Mountain  events  to  determine  whether  these  parameters  can  account  for  much  of  the 
scatter  observed  in  the  regional  discriminants.  Finally  we  hope  to  take  advantage  of 
outliers  to  shed  light  on  the  physical  basis  for  the  discriminants.  A  particularly 
interesting  outlier,  discussed  extensively  by  Taylor  (1993),  is  the  May  14, 1981  mine 
collapse  near  Gentry  Mountain,  Utah.  This  event  appears  to  fall  in  the  earthquake 
population  in  the  VJLg  in  Figure  1,  and  close  to  the  explosion  population  for  both  the  Lg 
spectral  ratios  and  the  regional  Mo^mb  as  shown  in  Figures  2  and  3  respectively.  The 
Gentry  mountain  event  has  some  similarities  to  explosions  since  it  occurred  at  a  very 
shallow  depth  (200  m)  and  shows  a  large  implosion  component  in  its  estimated  moment 
tensor  (Patton  and  Zandt,  1991).  Further  examination  of  the  Gentry  Mountain  event  and 
other  outliers  will  be  part  of  our  future  research.  By  combining  information  from  all  of 
the  data  we  hope  to  determine  the  relative  contributions  of  source,  depth  and  path  effects 
on  each  of  the  discriminants. 

Acknowledgments.  This  work  was  performed  under  the  auspices  of  the  U.  S.  Department 
of  Energ>'  by  the  Lawrence  Livermore  National  Laboratory  under  contract  number  W- 
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Fig.  2.  Comparison  of  direct  and  coda  Lg  1-2/6-8  Hz  spectral  ratios  at  KNB. 
Asterisks  are  NTS  explosions  and  circles  are  Little  Skull  Mountain  earthquakes. 
The  circle  with  the  cross  is  the  Gentry  Mountain  mine  collapse  discussed  in  the 
text.  The  solid  dot  is  a  nearby  Utah  earthquake  of  similar  magnitude. 

The  spectral  ratios  are  log  averages  of  ratios  measured  on  the  two  horizontal 
components. 
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Fig.  3.  Regional  Mo:mb  relations  for  western  U.S.  earthquakes  and  explosions.  The  x’s  are 
NTS  explosions  used  in  the  earlier  study  of  Patton  and  Waiter  (1993),  the  pluses  are  additional 
NTS  explosions.  TTie  circles  are  western  U.S.  earthquakes  from  the  earlier  study.  The 
diamonds  arc  additional  western  U.S.  earthquakes,  and  the  triangles  arc  Little  Skull  Mountain 
earthquakes.  The  circle  with  the  cross  is  the  Gentry  Mountain  mine  collapse.  The  lines  are 
recession  fits  to  the  Patton  and  Walter  (1993)  data.  Only  the  LNN  station  KNB  was  used  to 
estimate  m{,(Pn)  for  the  Little  Skull  Mountain  events. 
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NTS  explosion  (Coalora),  Febuary  11,1 983  (Mb=3.8) 


Group  Velocity  (km/s) 


Fig  4.  Spectrograms  of  an  Mb=3.8,  NTS  explosion  (Coalora)  and  an  ML=3.8,  Little  Skull 
Mountain  earthquake  aftershock,  recorded  at  the  LLNL  station  KANAB.  The  largest  spectral 
amplitudes  are  indicated  by  the  white  areas  and  have  been  normalized  by  peak  amplitude.  We 
are  investigating  the  influence  of  event  depth  and  source  mechanism  on  differences  in  these 
distributions,  such  as  the  relative  amounts  of  high  and  low  frequency  spectral  amplitudes. 
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OBJECTIVES 

The  objective  of  this  study  is  to  develop  a  three-dimensional  (3-D)  model  of 
the  shear  wave  velocity  in  the  crust  and  upper  mantle  region  below 
southeastern  Eurasia.  Such  a  velocity  model  will  be  useful  for  discriminating 
nuclear  explosions  from  natural  earthquakes  through  signal  analysis 
techniques.  Furthermore,  it  can  provide  insight  in  the  tectonic  history  of  the 
region. 

During  the  last  10  years  or  so,  more  and  more  digitally  recording  broad-band 
and  long-period  stations  from  several  networks  (GSN,  CDSN,  Geoscope)  have 
been  installed  in  the  region  (see  figure  1).  The  particular  distribution  of 
seismicity  and  stations  provides  a  data  set  of  seismograms  that  samples  the 
region  densely  and  that  holds  great  possibilities  for  analysing  the  data  in  terms 
of  a  3-D  modd. 

In  this  study  we  apply  a  waveform  analysis  technique  developed  by  Nolet  [/. 
Geophys.  Res.,  95,  8499-8512,  1990],  the  Partitioned  Waveform  Inversion  (PWI). 
This  approach  is  based  on  a  path  integral  approximation  and  uses  the  time 
window  from  the  S  wave  up  to  the  fundamentd  mode  of  the  Rayidgh  wave  to 
find,  by  methods  of  non-Unear  optimization,  path  integrals  of  the  velodty 
along  the  particular  source-station  path.  Synthetic  seismograms  are  generated 
by  mode  summation  and  matched  to  the  observations.  The  path  integrals  of 
velodty  are  transformed  into  a  set  of  uncorrdated  linear  constraints  on  the 
velodty-depth  profile.  After  inverting  many  seismograms  assoaated  to 
different  wave  paths,  all  linear  constraints  are  combined  in  a  linear  inversion 
for  a  3-D  vdodty  model.  A  previous  application  of  the.  method,  in  which  a  3-D 
model  of  the  S  wave  vdodty  below  Europe  was  developed  [Zielhuis  and 
Nolet,  submitted  to  Geophys.  J.  Int.,  1993],  shows  that  body  waves  can  be 
predicted  accurately  by  the  3-D  modd  for  ffequendes  up  to  60  mHz  amd  the 
fundamental  mode  of  the  Rayidgh  wave  for  frequendes  up  to  25  mHz. 


RESEARCH  ACCOMPLISHED 


A  complicating  factor  for  the  application  of  the  P\VI  in  southeast  and  central 
Asia  is  the  large  variation  in  crustal  thickness  across  the  region.  A  preliminary 
analysis  of  regional  seismograms  showed  that  such  ’arge  differences  in  crustal 
thiclmess  produce  significant  differences  in  waveforms.  Fortunately,  detailed 
maps  of  the  crustal  thickness  in  this  regions  are  available  [Karta  Glubinogo 
Rayonirovaniya  Eurazii  ,  1:15,000,000,  Ministry  of  Geology,  USSR,  1988].  In 
order  to  obtain  satisfying  initial  predictions  of  the  waveforms  we  constructed  a 
range  of  starting  models  with  crustal  thickness  varying  from  30  to  70  km. 

As  an  example  of  the  influence  of  crustal  thickness  on  the  waveforms  we 
discuss  the  observed  waveforms  on  a  seismogram  from  an  event  in  the 
Kazakhstan-Xinjiang  border  region  (47.97N,  84.97E),  on  3  August  1990,  recorded 
at  station  KMI  and  predictions  for  different  starting  models.  The  wave  path 
crosses  the  Tibetan  Plateau  where  the  crustal  thickness  reaches  70  km,  while 
the  event  and  the  station  are  located  in  regions  with  45  km  crustal  thickness. 
Figiue  2  shows  the  predicted  waveform  for  a  starting  model  with  a  45  km  thick 
crust  (uppermost  traces,  no  3).  The  predicted  waveform  of  the  traces  in  the 
middle  (no  2)  has  been  computed  allowing  for  perturbations  in  the  excitation 
coefficients  of  the  modes  caused  by  variations  in  crustal  structure  on  the  wave 
path:  we  used  a  model  with  a  45  km  thick  crust  for  the  source  and  station 
location  and  a  model  with  a  60  km  thick  crust  for  the  path.  The  latter 
prediction  resembles  the  observed  waveforms  (and  the  observed  travel  time) 
much  better  than  the  first.  The  lowest  trace  shows  the  fit  obtained  after  the 
nonlinear  inversion  for  a  1-D  model  for  the  source-station  minor  arc. 

With  the  set  of  starting  models  with  different  crustal  thicknesses  we  obtained 
good  initial  predictions  and  fits  for  many  regional  seismograms.  So  far  we 
inverted  66  seismograms  of  regional  events,  recorded  at  CDSN  and  GSN 
stations.  The  associated  wave  paths  are  shown  in  figure  1.  For  most  wave 
paths  crossing  the  Tibetan  Plateau  we  inverted  the  fundamental  mode 
bandpassed  between  0.005  and  0.02  Hz.  For  higher  frequencies  the  waveform  of 
the  fundamental  mode  sometimes  was  slightly  distorted.  The  reason  for  tb’= 
can  be  that  for  such  high  frequencies  the  fundamental  mode  is  mainly 
sensitive  to  the  upper  70  to,  and  thus  to  the  more  heterogeneous  aust  which 
can  cause  effects  of  scattering  and  multipathing.  In  addition,  the  transition 
from  the  extremely  thick  crust  of  the  plateau  to  the  thinner  crust  of  the 
surrounding  regions  will  cause  mode  conversion  for  such  frequencies.  For 
paths  running  completely  within  the  regions  with  a  thinner  aust  we  fitted  the 
the  fundamental  mode  for  frequencies  up  to  0.025  Hz.  Usually  the  S  body 
waves  could  be  fitted  for  frequencies  up  to  0.05  or  0.06  Hz. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

We  have  applied  the  method  of  partitioned  waveform  inversion  to  a 
preliminary  set  of  seismograms  recorded  at  the  long  period  and  broad  band 
stations  of  the  GSN  and  CDSN  network.  Using  starting  models  with  crustal 
thicknesses  that  are  representative  for  the  particular  source-receiver  minor 
arcs,  we  generally  obtained  good  predictions  for  the  observed  waveforms  and 
produced  good  fits.  In  order  to  obtain  a  good  resolution  for  the  3-D  model,  we 
need  to  analyse  more  data:  in  particular  the  records  from  the  GEOSCOPE 
station  HYB,  as  well  as  records  from  events  east  of  the  Tibetan  Plateau  (which 
are  available  through  IRIS),  will  contribute  to  a  higher  azimuthal  coverage  by 
the  wave  paths.  The  data  from  the  PASSCAL  experiment  on  the  Tibetan 
Plateau  will  also  be  useful. 


Figure  1: 

Map  with  wave  paths  associated  to  the  events  analysed.  Triangles  represent 
the  digitally  recording  seismic  stations  of  the  CDSN,  GSN,  and  GEOSCOPE 
networks. 
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Figure  2: 

Observed  (solid)  and  predicted  (dashed)  waveforms  for  an  event  the 
Kazakhstan-Xinjiang  border  region  (47.97N,  84.97E),  on  3  August  1990. 

A)  Time  window  of  observed  seismogram  that  contains  the  S  wave  up  to  the 
fundamental’ mode  of  the  Rayleigh  wave  (bandpass:  0.005-0.01). 

B)  Observed  S  wave  and  predictions  for:  a  model  with  a  45  km  thick  crust  for 
the  station,  path  and  source  location  (trace  3),  a  model  with  a  45  km  thick  crust 
for  tlte  source  and  station  and  a  60  km  thick  crust  for  the  path  (trace  2). 

Trace  1  shows  the  fit  after  the  nonlinear  inversion  using  the  starting  models  of 
trace  2. 

C)  Observed  Rayleigh  wave  and  predictions  for:  a  model  with  a  45  km  thick 
CTust  for  the  station,  path  and  source  location  (trace  3),  a  model  with  a  45  km 
thick  crust  for  the  source  and  station  and  a  60  km  thick  crust  for  the  path  (trace 
2).  Trace  1  shows  the  fit  after  the  nonlinear  inversion  using  the  starting  models 
of  trace  2. 
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I.  OBJECTIVE 

Random  heterogeneities  are  a  fact  of  nature.  They  exist  in  the  atmosphere,  in  oceans,  and 
in  the  Earth's  subsurface.  It  is  inevitable,  therefore,  that  randomness  would  Interfere  with  any 
detection  or  measurement  process  which  involves  wave  propagation.  Over  short  distances,  the 
effect  of  randomness  in  the  medium  can  generally  be  filtered  out  by  various  signal  processing 
techniques.  However,  over  long  propagation  distances  random  scattering  can  overwhelm  the 
target  or  structural  information  that  one  intends  to  obtain  firom  a  probing  wave.  In  fact,  random 
multiple  scattering  is  precisely  the  reason  that  many  disordered  materials  appear  "cloudy",  and  is  a 
generic  mathematical  reason  for  the  instability  of  classical  inversion  schemes. 

Apart  fi’om  multiple  scattering,  another  generic  inversion  problem  is  the  inability  of  a  wave 
or  a  pulse  to  probe  structures  which  vary  on  a  scale  much  larger  than  its  wavelength,  or  pulse 
width.  Here  the  basic  reason  is  that  a  wave  is  inherently  a  diJSerential  detector,  i.e.,  it  only 
scatters  firom  and  detects  objects  with  material  properties  different  firom  those  of  the  background. 
When  the  material  properties  vary  slowly,  the  scattering  is  weak  and  this  can  impose  a  severe 
constraint  on  the  detection  sensitivity. 

Both  problems  described  above  can  be  resolved  by  a  newly  developed  statistical  inversion 
scheme  for  a  randomly  layered  medium  consisting  of  both  small-scale  fluctuations  and  large-scale 
inhomogeneities.  Although  it  is  limited  to  one  dimension,  at  present,  this  acoustic  theory  is 
capable  of  showing  explicitly  that  a  multiply-scattered  wavefield  has  both  wave-like  and  difiiusive 
behavior.  It  is  precisely  the  difiiisive  behavior  that  enables  the  multiply-scattered  wave  to  detect 
the  large-scale  variations,  although  the  wave-like  part  also  has  to  be  correctly  treated  in  order  to 
obtain  the  desired  inversion  results.^"^  It  has  also  been  demonstrated  that  this  theory  can  recover 
from  a  signal  data  set  the  slowly  varying  mean  character  of  a  medium  with  signal  amplitude  only 
10’2  times  the  multiply-scattering  noise. 

In  order  to  apply  this  new  method  to  real  seismic  data,  we  have  extended  the  inversion 
method  to  incorporate  physical  boundary  conditions  and  attenuation.  We  consider  here  the 
mismatched  and  pressure-release  boundary  conditions,  which  are  relevant  to  marine  and  land  data, 
respectively.  The  main  results  of  the  theory  are  presented  in  Section  H,  where  the  equations 
governing  the  local  power  spectrum  are  given.  The  power  spectrum  contains  all  the  multiple¬ 
scattering  information  resulting  from  small-scale  fluctuations,  and  the  equation  depends  explicitly 
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on  the  large-scale  inhomogeneity  only.  The  equation  can  be  solved  analytically  when  the  medium 
is  homogeneous. 

Application  of  this  statistical  seismic  inversion  method  is  a  new  and  unique  approach  to 
the  determination  of  velocity  and  attenuation  maps  of  the  Eurasian  crust  and  upper  mantle,  which 
is  our  main  objective  As  explained  below  it  is  an  approach  that  complements  more  traditional 
methods  for  inversion  of  seismic  data  when  waves  are  reflected  from  large  depths.  Furthermore  it 
addresses  two  other  aspects  of  wave  multiple  scattering  in  these  structures  that  may  be  important 
in  monitoring  underground  nuclear  explosions.  ( i )  In  addition  to  true  attenuation  the  method 
produces  estimates  of  a  related  but  often-neglected  phenomenon  caused  solely  by  sub-wavelength 
multiple  scattering.  This  type  of  attenuation,  which  is  related  to  the  mathematical  theoty  of 
localization,  has  frequency  characteristics  which  differ  from  those  of  true  attenuation.  Thus 
neglect  of  this  phenomenon  in  monitoring  underground  nulear  explosions  may  adversely  affect 
both  yield  estimation  and  the  identification  of  source  characteristics,  (ii)  While  the  method  does 
not  incorporate  extraneous  noise  sources,  it  directly  addresses  the  "cloudiness"  that  limits  useful 
interpretation  of  waves  that  have  been  strongly  multiply-scattered.  The  method  optimally  deals 
with  cloudiness  when  constructing  a  velocity  map  from  reflection  seismic  data,  and  also  provides 
estimates  of  the  relevant  statistical  parameters  that  quantify  this  effect. 

n.  RESEARCH  ACCOMPLISHED 

II  A.  THE  STATISTICAL  THEORY 

We  consider  a  slab  of  stratified  medium,  occupying  -L  <  z  <  0.  A  normal  incident  acoustic 
wave  is  governed  by  the  following  equations  for  pressure  p  and  displacement  velocity  u  along  the 
z-direction, 
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where  p  is  the  density  and  K  is  the  incompressibility.  The  factor  a  describes  the  dissipation  in 
the  medium.  In  general,  the  dissipation  effect  depends  on  the  frequency.  Thus,  the  term  o  u 
in  Eq.(l)  is  interpreted  as  the  time  convolution  of  0  and  u.  We  assume  that  both  the  density  and 
the  incompressibility  in  the  medium  have  a  slowly  varying  background  and  a  stochastic 
microstructure.  To  do  this,  let  r\  (z,  z' )  and  v  (z,  z')  be,  for  each  fixed  z,  two  zero-mean 
stationary  random  processes  as  functions  of  z'.  If  e  is  a  small  parameter,  q  (z,z/e2)  or  v 
(z,z/82)  then  has  a  microstructure  to  background  length  scale  of  s^. 

In  the  case  of  the  mismatched  boundary  condition,  we  embed  the  slab  between  two 
homogeneous  half  spaces  and  write  p  and  K  as 
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The  background  speeds  are 


cj  =  7Kj/pj  for  j  =  0,1,2.  (4) 

The  dissipation  factor  a  could  in  general  depend  also  on  z  and  z/s2.  However,  here, we  assume 
it  to  be  z  independent. 

Now  we  consider  a  pulsed  plane  wave  incident  normally  from  z  >  0.  If  f(t)  is  the  pulse 
shape  the  incident  field  can  be  written  as 
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Note  that  the  pulse  width  is  of  order  s  ,  intermediate  between  the  macroscale  and  microscale  of 
the  medium.  The  factor  is  inserted  to  preserve  energy  as  sis  varied.  The  physical  quantity 
of  interest  here  is  the  reflected  pressure  at  z=0,  i.e.  Pi-gfl  =  p(z=0,t).  Now  we  define  the 
autocorrelation  of  Prgfl,  I(t,t),  and  its  local  power  spectrum,  S(t,  co),  as  ^ 
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=  A(r,a?)  (7) 

where  f  (© )  is  the  Fourier  transform  of  the  pulse  shape  fit).  Using  a  procedure  similar  to  that 
described  in  Refs.  [3,6],  it  can  be  shown  that  the  renormalized  power  spectrum  A(t,a)  is 
determined  by  the  following  equations 
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where  i  is  the  travel  time  and  is  defined  as 


t(z)  = 


ci(z) 


and  Cl  in  Eq.  (8)  is  now  a  function  of  t.  a(co )  is  the  Fourier  transform  of  a(t).  Fj  is  the  reflection 
coefficient  at  z=0  and  is  defined  as 

ri=to(o)-^o)  (12) 

where  ^ppicj  are  the  impedances  in  the  regions  j=0  and  1.  a  is  defined  as 

00 

a  =  -J  E\n{z,z')n{z,z' ■¥z")\dz"  (13) 


n(z,z')  =  [n(z,z')- v(z,z')] 

Here  we  have  assumed  that  r|  and  v  depend  only  on  the  microstructure  (or  z'),  therefore, 


a  IS  a  constant. 


In  the  case  of  the  pressure-release  boundary  condition,  the  medium  above  z=0  has  much 
small  density  than  the  medium  below  and  the  incident  field  becomes 

inc  1  t  ^  . . 


_mc  _  *  f  - 

P  =-7=r  - 


The  physical  quantity  measured  here  is  the  displacement  velocity  at  z=0,  i.e.  Urefi=u(z=0,t).  The 
corresponding  renormalized  power  spectrum  A(t,  ©)  is  still  governed  by  Eq.  (8) .  However, 
Eqs.(  9)  and  (10)  should  be  replaced  by 


V^(x  =  0,t)  =  |2;5N,|5(t) 

A(t,(o)  =  4^r^(o)V"[t  =  ^,t,coj,  t>0. 
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Eq.(8)  depends  explicitly  on  the  large  scale  inhomogeneity  only.  All  information  resulting  from 
multiple  scattering  by  small-scale  fluctuations  are  absorbed  in  the  correlation  funaions  V^.  WTien 
the  medium  is  homogeneous,  Eqs  (8)-(13)  and  (I5)-(16)  can  be  solved  exactly,  yielding 


A(t,a))  = 


(17) 


for  the  mismatched  boundary  condition  case,  and 

A(t,aj)  =  4exp(-— )(o^  /fee,)  (t>0)  (18) 

Pi 

for  the  pressure-release  boundary  condition  case.  These  are  the  generalizations  of  the  results 
found  previously  for  a  medium  with  matched  boundary  condition  and  without  dissipation.^-^  If 
the  medium  is  inhomogeneous,  one  has  to  solve  Eqs.  (8)-(13)  and  (15)-(16)  numerically. 

II B  NUMERICAX  METHOD 

In  order  to  test  the  theory,  we  have  developed  a  layere  code  to  generate  the  local  power 
spectrum  numerically.  The  method  of  a  layer  code  is  described  in  detail  in  Ref  [3].  Here  we  only 
give  the  summary  of  the  method.  We  consider  a  slab  of  N  layers,  each  having  the  same  thickness 
h.  Let  the  surface  of  the  first  layer  be  at  z=0,  and  the  surface  of  the  last  layer  be  at  z=  -L=  -hN. 
This  slab  is  then  connected  to  an  infinite  homogeneous  medium  at  z=-hN.  Write  Eq.(l)  in 
frequency  space.  Then,  for  any  fixed  frequency  co,  we  can  always  express  the  solution  of  Eq.  (1) 
in  each  layer  as  a  linear  combination  of  up  and  down  going  waves.  The  amplitudes  of  these  two 
waves  in  any  two  contiguous  layers  are  related  by  the  conditions  of  continuity  of  u  and  p  at  the 
interface  of  two  layers.  Thus,  one  can  relate  the  wave  function  at  any  position  to  that  at  z=-  x  by 
transfer  matrices.  Using  the  fact  that  there  is  only  a  down-going  wave  in  the  region  z  <  -hN,  we 
are  able  to  obtain  Prefl  )  or  ^refl  mismatched  boundary  condition,  we 

also  connect  the  system  with  another  infinite  homogeneous  medium  in  the  upper  half  space  z  >  0. 
The  time  sequence  of  prefl(0  or  Orefl(t)  is  then  the  Fourier  transform  of  Prgfl  (® )  or  Urefl  )  • 
The  estimated  power  spectrum  is  then  calculated  by  using  the  relation^ 


(19) 


where  T  is  the  time  window  and  M  is  the  number  of  equally  spaced  data  points  of  Prefl(t)  or 

Q  in 

Numerically,  we  have  chosen  N=2500  and  h=3m^>  ‘o  71,5  number  3  m  is  the  correlation 
length  obtained  from  the  data  analysis  given  in  Ref  [9].  Thus,  the  thickness  of  the  slab 
considered  is  7500m.  The  slow  variation  of  the  mean  sound  speed  has  the  form 

C,  (z)  =  {1  -  0. 25[tanh(5(z  -  750))  -  tanh(5(z  -  5250))]}x3000  (20) 
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Here  we  have  assumed  that  the  mean  density  pj  is  constant  and  the  slow  variation  comes  from 
the  variation  in  l/'K}(2).  Since  the  maximum  speed  here  is  3km'sec,  in  a  time  domain  of  0-5  sec, 
the  reflected  wave  has  not  yet  probed  the  region  z  ^  -hN,  and  the  homogeneous  region  below  it 
becomes  irrelevant.  In  the  case  of  mismatched  boundary  condition,  we  have  deliberately  set  the 
value  of  Cq  at  1  Slon'sec  in  order  to  test  the  theory  in  the  high-mismatch  limit.  For  the  probing 
pulse,  we  use  a  Ricker  pulse  of  the  following  form 


f(t)  = 


7t^  2 

4s^ 


‘2  -(— 5") 


(21) 


The  width  of  the  pulse  e  is  set  to  be  0.0 1,  which  provides  a  compact  support  of  range  10-70  Hz  to 
f(co ).  The  time  window  T  is  chosen  to  be  1 .6  sec. 


In  the  case  of  no  dissipation,  a  =  0,  we  have  chosen  the  fast  scale  variations  of  pi  and 
1/Kitobe  11  =  V  =0.3.  The  estimated  power  spectrum  S(t,©)  is  simulated  numerically  for 
500  different  configurations.  For  both  mismatched  and  pressure  release  boundary  conditions,  we 
have  found  that,  at  various  values  of  t,  the  averaged  S(t,co )  agree  excellently  with  the  S(t,  co) 
obtained  by  solving  Eqs.  (8)-(13)  and  (15)-(16).  This  is  also  true  for  the  case  with  dissipation.  In 
this  case  we  have  chosen  Ti=0and  v  =0.3.  The  dependence  of  a  is  modeled  by  a  linear 
function  of  frequency  ^  ^  >  i.e.  o/  p  j  =  (o/(2Q).  The  value  of  Q  can  be  estimated  from  attenuation 
measurements  of  seismic  waves.  ^  ^  We  have  chosen  Q=50  %  in  our  calculation.  All  the  results 
we  have  obtained  seem  to  indicate  that  the  statistical  theory  does  predict  the  correct  local  power 
spectrum.  Based  on  Eq.  (8),  the  inversion  can  be  carried  out,  as  shown  in  the  next  section.  In  the 
case  of  a  homogeneous  medium,  this  numerical  method  also  reproduces  excellently  the  analytic 
result  shown  in  Eq.  (17). 


lie  INVERSION  RESULTS 


Since  Eq.(8)  depends  only  on  a(  r)  =  a/C](r),  the  purpose  of  the  inversion  is  to  extract 
this  information  from  a  given  set  of  estimated  power  spectra.  If  we  assume  that  Prefl(0  or  Urefl(t) 
is  a  Gaussian  process,  ^2  a  well-known  theorem  in  signal-processing  theory  tells  us  that  S(t,  co)  of 
Eq.(7 )  follows  an  exponential  distribution  with  S(t,(i))  as  the  mean.^  If  we  further  assume  that 
each  frequency  w  is  independent,  a  likelihood  function  L[  d(T)]  may  therefore  be  written  as 


5(/,£y,|a{r)) 


+  f.n^s{t,a)i  d(r)) 


(22) 


Maximization  of  L  would  yield  the  optimal  d(T)  consistent  with  the  data  S .  In  the  numerical 
inversion  we  have  added  a  Bayesian  term  into  L  by  assuming  that  d(  x)  is  a  slowly  varying 
function  as  was  done  in  Refs.  [3,4].  The  inversion  results  of  d(x)  are  shown  in  Figs.  1  and  2  for 
the  cases  without  and  with  dissipation,  respectively.  Curve  A  represents  the  medium  property. 
Curves  B  and  C  are  the  inversion  results  for  mismatched  and  pressure  release  boundary 
conditions,  respectively. 
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Fig.  i  Results  of  inversion  with  no  dissipation.  Fig.  2  Results  of  inversion  with  dissipation. 


m.  CONCLUSIONS  AND  RECOMMENDATIONS 

Our  new  inversions  resulis  are  generally  good  and  in  line  with  previous  inversion  work 
using  no  attenuation  and  matched  medium  boundary  condition.  There  is  some  deviation  in  the 
case  of  the  pressure-release  boundary  condition.  More  work  is  needed  to  track  down  the  source 
of  the  difficulty.  Our  next  step  is  to  implement  this  method  on  real  seismic  data  using  normal 
incidence  plane  waves  to  avoid  elastic  effects.  Work  on  elastic  wave  localization  has  already  been 
carried  out^^  and  will  be  reported  elsewhere.  Our  further  projects  include  (1)  Relate  the 
correlation  legths  obtained  from  seismology  to  those  derived  from  independent  observations 
across  geologically  complex  (heterogeneous)  regions  (e.g.  heat  flow  and  electromagnetic  studies), 
and  (2)  Extend  the  present  approach  to  take  into  account  deviations  from  one  dimensionality 
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